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(Pages _?- 168)

NETA_I_HI_ IN CONTACTS OF THE AN£KIT _FAN

MASSIF ON THE _ TUNGUSI_ILRIVER

V. V. Revordatto

The eonplex of _sual neta,,,orphogenie oalei_n silicates formed in the re-

plaee_mt of ea_onate rocks low in stlie_ eontent in contact zones of _J_trn-

sion was first described by F. E. Wright, who established the presence of apur-

rite in association with helenite and hillebrandite in calcite marbles of

Velardena, Maxiee [973. Daring the half eentury that has passed since that

time the list ef _l_Is formed under such conditions has grown cenmlde_-

ably, mad the _ee_ of thelr _every has wldumd aarkedly. New dis-

ooverie8 of ninmrel8 of this association were made in Crestmore. California

[76, 77, 8o]: on sk_, _ok _d m_n XaXands. seetX_,_,[75, 91, 98]: _ soot

and Carltr_ord, Ireland [82-8_, 88-90_: in the Iron Mountains and Tres

Hernanas, New Mexico [68, 7_3; in the Little Belt F_untains, Montana [863;

discovery of spurri_rwlnlte _rble8 in the Seviot Union -- at the ti_e it

was the fourth tmeh diseovery in the _rld -- was made on the Lower T_

River in 1935 by V. S. Sobolev, who described the contact traps with carbonate

rocks [_83. Recently, information in the press has appeared about the dis-

covery of spurrite containing rocks at another point in the Siberian platform

in the basin of the Podkaaennaya Tunguska River [29].

An important characteristic of these metamorphic rocks, as established

by a _r of investigators [_8, 62, 76, 77], is their capacity to fo_ O_



at shallow depths and under the influeuee of sufficiently high tenperatures in

e_contact basic sub-igneous intrusions. On the basis of the facts, and

stressing the luportance of mall pressures in the process of metasorphic sin-

eral foruation in this group of rocks, D. S. Korzhinsk_y, who used certain

theraod_mmic computations to obtain equ_ibriu_ curves, distinguished the

larnite-norwinite abyssal facies_ it included all the contact narbles known at

the time containing larnite, uerwinite, spu_Tita, tilleyite, and ethers E21].

The Abyssal facies, characterised by somewhat lower teRperatures and higher

pressures (h_pabyssal conditions) was naned the helenite-monticellite facies

froa the typical winerals which were stable in this condition. P. Eskola in-

cludes both groups of rocks in the sanidlnite facies, thereby stressing their

relationship with igneous formations and frequent associations with sanidinite,

nnllite, glass and other. Monticellite, 8purrite, nerwinite and laraita are

regarded by hiu as critleal minerals in the sanidinite facies [62, 663. Later,

F. J. _ distiuguished the following t_ sub-facies in the sanidinite

facies for ea_naeeous rocks poor in Si02: I) the high te_erature facies,

and 2) the relatively low temperature facies (at higher pressures), identified

respectively as larnite-aerwinite and helenite-nontieellite metamorphic abysmal

facies of Korzhinskiy _5]. This division into sub-facies was preserved by

Turner in a nanber of later studies described Jointly by Fife and F. J. Ver-

hoogen E67, 56]. In distinguishing the sub-facies these authors were guided

in large noa_ by the studies of N. L. Bowen dealing with the progressive

meta_orphi_ of silica eontalning liaestones and dolomites _63], using high

tes_eratare reactions for this purpose (8-13 degress) of the Bowem series.

At the present time they distinguish the follo_Ang: I) larnite-neruinite-

spurrite sub-facies "corresponding to high temperatures and low pressures,

and characterized by associations containing one of the following ninerals:

taste, me te, me and 2)
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nonticellite-melilite sub-facies "corresponding to somewhat lower temperatures

or higher pressures than sub-facies I" _6, page _57_.

In order to determine precisely the mineral composition and position of

the larnite-nerwinite-spurrite sub-facies (larnite-merwinite abymuLl facies

to in to thep si-

col conditions of met=morphisn and the kinetics of neta_rphie processes in

the stability field of this sub-facies, this _uthor, with the guidance of

Acadauielan V. S. Sobolev, undertook in 1960-1962 to study the unique contact

of the Anakit trappean intrusion with Paleezoic carbonate rocks. During the

course of the study the list of minerals described in the rocks of this con-

tact [483 was supplemented considerably by a n_nber of new discoveries. The

first, discovored in the USSR, was the extremely rare caleiwt silicate --

tilleyite: also discovered were tridynite, feraed in the aetauorphism of siliei-

life cencretions, and quartzitic calcareous sandstones, sanidine, andalusite,

wellastenite, and ethers. The discovery of tridyLtte made it possible to de-

fine more accurately the question of the temperature of netamorphism and to

confirm the accurac 7 of identi_j_Ang the larnite-uerwinite-spurrite s_b-facies

as the highest temperature metamorphogenetic mineral association. _ecial at-

tention was paid to the petrological characteristic of the Anakit tr_ppean

differentiated intrusion and its structure, as well as to the study of the

metasematlc rocks, ores, and products of hydrothermal activity. Auong the

latter, special interest is see_ in the abyssophobe hyd_osilicates of calcium

(hillebrandite and others). This paper is devoted to a discussion of the

results of studies made on the Anakit contacts.

I. HISTORY OF EXPLORATIDN OF THE AREA

The object of the exploration and study of the area is a trappean intru-

sion and its contacts located in the lower reaches of the Lower Tunguska River,

3



approximately 285 kl from the _uth. It is disposed in the valley of the

river somewhat above the point of confluence with the Anakit River: the in-

mediate region is naned after this river. Administratively this area is part

of the Evenkis National Area (Okra_g) of Krasnoyarsk Kray. It is close to the

Novoginsk graphite nine ten kiloneters up the Lover Tunguska River.

In the prl-revelutionary period the Anakit Region was visited only

A. A. Cheka_ who was the first to discover outeroppings of linestone

in the valley of the Lower T_nguska River above the south of the Anakit River.

This forned the basis for the study of the Anakit anticlinal structure _61_.

After the revolution a great contribution to the study of the geology of the

region was made by V. S. Sobolev, vho made the first detailed description of

a _ber of igneous and netanorphic rocks _, 119_. The theoretical studies

by Sobolev were included in the basic _rk "The Petrology of Traps of the

Siberian Platforn". it was 1_.sed, to a considerable degree, on the naterials

obtained fron studies made of the Anakit trappean aassif.

Daring the thirties the regien was stud_ed by a nmnber of geologists of

the ._est Siberian Geological Survey Trust of the Arctic Institute and others

including: L. M. Shorokhov, S. L. Kushev [25_, A. F. Mikhaylov, I. V. Moiseyev,

V. e. Tebenkov, D. S. Gayt_m, O. L. Eynor [32, 52-_, R. P. Radchenko and

N. A. Shvedov _13. In 1947 there was a search and survey party for iron ores

led by V. H. F_orov _203. Fron 1950 to the present time studies were nade in

this region by geologists of GIN [State Research Y.ustitute_ USSR Am_leUy of

Sciences| _Er _AII Union Geological Selentlfie Research Institute_ All-

Union Geodetic Trust _VAGT]. SNIIGGINS _Northern Scientific Research Institate

of Hydralie Engineering and Soil ReclamationS: and others. The geologists

included the following: Menner, Rasskazova, Ivanova, Vysotskiy, Dragunov

_II_| Pavlov _38, 39_: Chaikovskaya, Bazhenova _3_, Petrakov Nikutskiy:
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Staritskiy, YMovlev. F_lich, Polunina, Afanas'yeva C_O3; Semenov [_5. _63;

Sadovnikov, F_vieh, Vokov, and others. The author _rked in the Anakit

region in 1960-1961. The purpose of the expedition, as we have already indi-

cated, was to stu_ the contact Retamorphim and petrology of the Anakit

massif.

It should be nentiened that the Anakit region consists of one of the most

interesting _ns of the earth's surface where, on a comparatively mull

area, there are gre_ped together sole of the most interesting geological ob-

Jects of stuff inclu_Lug: tectonics stratigraphy, lithology, trappean petrol-

ogy, gas-bearing strata, metaloge_, coal and graphite formations, to say

nothing about the unique D_nifestation of contact metMorphisn of linesto_s.

This may be an explanation of why the Anakit structure has attracted the at-

tention of geologists of various specialities for over thirty years. However,

it should be statod that the area still has not been thoroughly enough studied

due to the pauei_F of outeroppiugs. This applies primarily to iron minerali-

zation which has only been studied from the surface, and the possibilities of

petroleum and gas deposits. Absolutely unclear is the problem of depth forma-

tion and composition of the lower upheaval horizons.. These problems cannot

be resolved without a vast amount of mining work and drilling which has prac-

tically been untouched in the Anakit region during the long history of its

ex_loratio_

The region under survey is in the Anakit anticlinal upheaval which is in

the Lower Tu_guaka Valley that emerged to the surface as a result of the in-

tensive scouring of the over-lying rocks both by the river and its tributaries,

the most important of which is the Anakit River. The relief of the terrain

and the nature of the Lower Tunguska River valley are due to the geological
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formation of this part of the Siberian platform and to the erosional activity

of rivers. The peculiarity of the Lower Tunguska River valley is due to the

abundance of intrusive strata of traps which perforate the smbsident paleozole

rocks. More durable against erosion than the rocks wixed in with them are the

traps which form "steps" in the sides of the river valley, fully Justi_

the idea embedied in the phrase by the Swedish geologiSts in the premieroscopie

period _271

The Anakit upheaval is within the limits of the Anakit ra_art of the

nerth-nort_st strike, which, along with a mmmber of ether ramparts (trough-

shaped) structures is found in the area of the western slope of the Tunguska

synallne. These arch-like upheavals being structures of a second order with

respect to a _line are a characteristic peculiarity of its tectonic ferma-

tion within the limits of the marginal parts. They follow along the boundary

of the syncline, orientedparallel to its outer co.to ,B, lo, 163.

Fig° 1.

¥ ¥
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Schematic geologieal chart of the Anakit dome-like upheaval

regiol_.

Markings: 1 - Lower Permian deposits (Burguklinskaya platform):
2 - non-dlfferentiated traps; 3 - Carboniferous deposits (Kat-

skaya platfora)| _ - Devonian deposits; 5 - Koehumdekskaya plat-
form of the Lower Silurian$ 6 - Dolborskaya platform of the
Upper Ordovtelan; 7 - Anakit l_ss'_'; 8 - Elements of stratifi-

cation: 9 - Tectonic dislooations.
___: a) Lo_r Tunguska River.
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It is obvious from the investigations made by N. S. Malieh that the

formation of most of the bars ef the Podkame_naya Tunguska (lower reaches),

the Bakhta River, and ethers in the Priyeniseysk Trough occurred ever a long

period of tiue. This is deuonstrated by an analysis of the thickness and

faelal ehanges of deposits, embanknent eempenent8, and troughs, The great

stratigrephie resenblanee of the deposits which fern the Anakit structure

to the deposits of a mmber of uplifts of the more southerly regions enables

us to see a certain analogy in their tectonic developnent. Apparently, the

Anakit m_, like other positive structures of this portion of the

?unguska syncline, was established d_ring the Lower Paleozole and was in a

continuous state of foraation until the end of the Paleozole. However, its

grovth was eeoasionally either te_rarily interrupted or periodically in-

tensified.

The Anaklt upheaval i8 the largest upheaval in the Anakit e_t.

It is bracbT-antielinally elongated in a northwesterly direction with an

area of 6 x 12 kilters. The angles of dip change from steep Ingles of up

to _0° in the central portion of the anticline to about 8° on the flanks

where the rocks of the Permian age are developed. The Anakit upheaval is

broken up by a large nunber of tectonic disturbances, especially in the cen-

tral portion. Intrust_ns of dolerites penetrated through the largest of

then.

Reeks which fern upheavals are eharaeterised by the great variegation of

their c_sition. The nest ancient deposits are the rocks of the Ordovielan

Period whleh are found in the central portion of the bracb_-anticline. The

Ordovielan reeks, Just like the Silurian deposits upon then, are of great

interest to us because they fall into the contact zone of the trappean massif

which experiences high temperature metanorphism.

?



Ordovician outcroppings emerge on both sides of the Lower Tunguska River

at the very edge of the streaa, as well as in the lower reaches of Vostoch_

Stream (Pig. I). The rocks are broken by nuaerous tectonic disturbances,

crevices, letamorphosed dike apopbyms of the Anakit trappean massif which

outs them up. The lower boundary of the Ordovi¢ian layer is not laid bare:

the visible l_rtien is about 60 aeters thick.

The rooks of this age group are represented by sandstones and liaestenes

or delelitic sandstones gradually changing into sandy, slightly dolonitio

limestones as well as calcareous (doloxitic) aleurolites, argillites and

marls. Characteristic of this is the clearly e_ressed stratification and

variety of color in the rocks, which ranges from gray to yellowish or brown-

green.

The sa_ faction is represented mainly by quartz which forms grains up

to 0.I ea in diaentlen. The structare is non-uniformly grai_. The fragaents

are sesi-rounded or rounded. In the sandstones the cement is ealcitic or

ealcite-dolomitic, basal or porous, in some sections the ceaent is essentially

c_.oric. The chorate is thi_y squmous, greenish in color with an index of

refraction at Nm of I. 603. With an increase in the amount of carbonate cement

the sandstones change to sand_ weakly doloaltic limestones and liaestones con-

sisting emn_ of ealoite (the awmnt of dolo,rlte is not in excess of

5 - I_), which forms aggregates of thinly crystallic grainy structure not

iz_eatly with clear signs of cataelam. Upon decreasing the cememt dewa

to the point of co,fete disappearance, there appear quartzy sandstones with

quartzite structure containing an adE4xtare of ortboclase and frag_mts of

flinty rocks. Here and there we observe scarce and scattered _spregna_ons

of E31

The sandstone rocks make up the main portion of the Ordovielan layer.

The aarls, aleurolites and argillites, Just like the limestones, fora a

8 :
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sel_rate llyer with a thickness of several centimeters to sevex_l meters; they

are characterized by extreme non-persistence in thickness and often peter out

along the strike.

The rock mass described contains a great abandanee of fam_ic res_dua

of brachiopods, trilobites, and other. Many of the forms found here are vet7

characteristic and um can reliably class the deposits in the central portion

of the £nakit upheaval as part of the DolborskaTa formation E35], i;e., the

u er Or  cian

Rooks of the Dolborskaya foraation ulth its non-evident disconformity

are covered over with Lower Silurian carbonate deposits. The nain vol_e of

the Lower Silurian stratun is nade up of striated narls. They have a gray

or dark gray color and a fine to nedium-grained structure. The striations of

the ror_cs are emphaslzed by thei_ color: the darker separations contai_

a con_e _ of _ayq and carbonaceous latert_ (up to 50_) form

irreg.lar _ets, _, etc., on ' the comon, lighter back_o.nd of the essea-

tially carbonate portion of the marl. It is interestiz_ to note that the

ba_c mass of clay particles is concentrated in the internal portions of the

carbonate-clay separations. A similar tendency is noted also in a dolomite

whose content is I0 to I_% (in this case the rock approaches a dolomite marl

in composition). The peripheral portions of the separations umally contain

no dolomite, but apparently the_ contain a certain admixture of thinly dis-

persed M 8i_ in the :form of c_aleedony or opal _ecrystallized into

quartz. The structure of the rocks for the lost part is crystallic-granular

in some places it i8 cataclastic or granoblastic.

In the upper parts of the profile of the Lower Silurian stratum the clay

substances are less important; here, we find various stratified limestones,

blue, green, or white in color with occasional interlayers of dark marls. In

9
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the lower portions there are Interlayers of dolc_H_es, dolomitic marls, _Io-

mitized limostenes_ etc. In the middle portion of the stratum; Just as in the

lower parts, we find well developed siliceous concretions for_L_ thin horizons.

The concretions are mainly ¢halcedo_ (or quartz) and carbonate in coIpesittnn,

i.e., ealcazuon8 8ilieates.

Table I

[

the F=_hundeks Formation of the kaskit Region

_ Jll I ...... J _iiii . _ i

Dolomitie marls Dolemitie-like

the hydro.
mica groun

i

H

' _ , . 18

17
98

100
22
44
38
38
27
17
23
38
22
19
10

n

12,93--
--10,19

5.53
4,58
4,10
3,35
3.22
2,97
2,89
2.51.
2.206
2,148
2.025
2,011
1.969
1.715

.531

_,423/281
1,245

i_eral,, of
the kaolin

_r_uD

--m

n

118 7,16

_ 4,583,65

2,672.50

23_)0 2,3062,2tN
2,148

_ 1,8,31
1,756

i7 '1.715
47 i. 6'2"2
17 1,5_7

42 1.527
• 1.501
19 1.328
18 1,280
10 1.259
10 1.245

marl

Hinerals of_Minorals of

the hydro- the kaolin

mica _ea_ eroup

I

: 13
'_ 42

,i 22

7i'
6
8

26

100
44

17
17
55
&3

8

:11
_ 8

• 6
i

d

n

12,98--
• --9,71

(4.99)
(4,54)
4.31

(4°05)
3,64
3,33

(2.86)
2.59
2.48
2,14

( 1.97)
1.654
1.53t
1,502

(1,445)
1.274
1,249
1,218

28

17
13
15
24
17

24

(8.01)

7,32
(4.47)
4,36

(4,05)
3,57

(2.76)
2.56
2,50
2,14

(1,97)
(t,91)
(1,82)

1.788
(I.736)

(I '6_3).654
1,578
1,531
1,459
1,451
1,304

Minerals ofi Minerals of

the hydro- the kaolin

_ca greu_ groun

I0

29
26

18

26

21
1: 44
I' 13

d

11,46

4.55
3.88
3.36
3,2"2
2,94
2.50
2,33
2.22
q' 1_,

2.03
_ ,531
1,313

! d
wl

n

37 7.2O

25" . 4.50
18" 4.11
65 3,65
O0 2,50
18 2,21
23 1,80
36 1,54
29 1,509
13 1.3_3

laboratory of i_ and G SO AN SSR of Selenees,

OSSR Aeade_ of Sciences].
Oa -- anti-cathode, k = 1.537kX; U = 30 kV. T -_ 10_A; diffraetoneter

URS-50i. Radiation filtered, Z_tensity by the hnndred point scale.

They are rounded or irregular shaped, with dimensions ranging from 1 to

I0 e_ along the longitudinal axis. Concretions usually coincide with the

earbonaceeus-elayey interlayers of limestones and are enveloped with a dark

10
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narly material containing insoluble

particles amounting to from _0 to _0%.

In the middle portions of the rock

mass concretions are encountered in

layers of siliceous limestones and

marls _entaining sponge spicules.

The Lewer Silurian deposits have

a wide variety of orgm3ogenie lime-

stones. Y_llvidual horizons of these

are encountered along the entire sec-

tion; they are characteri_ed by a

clearly developed detritus structure

(crinoidal limestones and others).

The clqey fraction of _nes,

naris, and dolomites of the Lower Si-

minerals from the hydro_ica and kaolin

groups. They form aggregates of ex-

treuely mall scales in associations

with organogenic carbon mxbstanoes.

The indexes of refraction of the min-

erals are as follows. Minerals of the

_o_ _ro_.. Jg _- I. 5_. _ -- i.

(all + 0.003). Minerals of the h_lro-

mica _: Ng : _.568, _ : _._

(all +.0.003). The interplanar dis-

tances of the minerals indicated are

11
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given in Table 1.

The data on the stud3v of the mineral -._osition of the rocks are eonfiraed

by the results of ehemioal analyses given in Table 2. The presence of nickel.

copper, and sodium (in amounts from 0.001 to 0.1%) in limestones was also con-

f_rmed by speetrographie tests. The spectral analysis was made in the spectral

analysis teem in the Institute of Mimdmg and Geology, USSR Acade_ of Sciences.

The age of the earbonaeeou8 reek mass described is established rather

on the basis of eeeurrences of faunal remains like llandover-vemlok J'sie3. Ap-

parently, it is eo_arable to sedimentations of the Koch_mdeks formation of the

Lower Silurian whioh are developed in the basin of the Podkamennaya Tmngulka

Occurring in the limestones of the Eoeh_ks formation are various rocks

of the Devonian age: motley-colored clayey-carbonaceous deposits of the Zubevsk

and Tymmpsk formatlo_ organogenic limestones of the Yuktinsk formation and

comparable to the Zhivetsk earbenaeeous rocks CI_, and sandstones of the

Dzhaltulinsk fo_tion of the Upper Devonian. The Devonian reeks with Don-

evident disconforaities are covered with quartz sandstones, coaly shales and

aleurolites of the Katsk Formation of the widdle-upper Carboniferous Period

[3_. The shales and aleurolites contain a large quantity of vegetative detri-

tus whioh were described by a number of authors who have studied them El7, 60,

85_. l_pressions of the i_lora deseribed compare favorably with the floral

complexes of the AlykaeyevsM and Nauu_vsky horizons of the Lower Balskhonsk

formation of the Kuzbass E_3_. Lower Permian terrigenous rocks are in con-

formable bedding with the Carboniferous deposits.

The region of the Anakit upheaval is rich in non-differentiated Noginsk

complex traps of the third phase of trap magnatism in the Siberian platform

E_O_. The intrusive bodies usually are conformable with the enclosing rocks.

12



They are practimally horizontal in the Permian deposits beyond the limits of

the Anakit upheaval, and appear like the harpolites in the more ancient

paleozole rooks which make up the internal portions of the anticlinal struc-

(of. 1).

The traps are represented by the gabbro-dolerites, allivalite gabbro-

dolerites, pe_teid gabbro-delerites and mieredolerites (dolerlte aphanitem).

The ga_-_lerites _dth frequent taxitie ooml_sition and allivalite gabbro-

dolerites predate in the oe_tnl and lower portions of the trappean bodies;

they frequently contain scblierens of pegmatoid varieties and are rather in-

tensively mpklbolised.

The mineral Qomposition of the rocks is quite uniform. The plagio¢lase

consists of from 40 to 60% of the total of the rock and is represented by

andesine-labradorite. Ne_oelinal pyrom has a co_position consisting of

in the amsmmt of i0 - _. Olivine is repre_mted by hortonolite| its con-

tent varies from 0 to 2_.

Among the variable &dmix_Ares is magnetite (sometimes magnetite is present

in noticeable amounts -- up to 15%), biotite and others. The content of micro-

pegmatite Resostasis is also subject to great variations -- from 0 to 15%;

pegmateid gabbro-dolerites are eharaoterised by an inoreased amount of meso-

stasis.

The intrusive bodies vary in thickness. The large strata bodies have

thicknesses ranging to 300 meters. The basic mass of trappean Bodies is of a

thiekness not exceeding 150 meters. Sills of 2 to 3 meters in thickness are

also somewhat developed.

Ill. ANAXTT DIFFUSED TRAPPEAN MASSIF

The Anakit trappean massif occurs in the vaulted portion of the cupola-

shaped upheaval and, being the youngest intrusive formation in the tefLon,

13
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breaks through the previously foraed t_ bodies. According to L. A.

Polunina and M. A. Afanas'yeva it belongs to the Kuz'1ovsk Complex of the

_th phase of trappean _gmatim _0_. The intrusion is in the shape of an

irregular phaeollth, a fact dne to the layer-by-layer invasion of ma_ma into

the strata of _ rocks contorted into a double pl_Ang anticline.

In the zortheaJtern portion the phaeelith changes to a thick (about 250

.eter8) ddJce-ltke body, cutting o=e of the wings of the elevat_Lon (Fig. 2).

The northwestern tip of the massif is characterized by the invasion of magna

to the twotonic dislocations which divides the sedinentary paleozole rooks

into separate blocks and is rich in n_Rerous xenoliths.

....

",:.:':., , • • V
u_ V v v V i V V

W' W¥ VV V,, i V V V

Schematic geologic chart of the Anakit trappean _assif.
Conventional markings:
I - trochtolyte dolerites, olivine and olivine-_ypersthe_ite
gabbro-dolerites; 2- gabbro-dolerites; 3- ferrogabbro; _-

granopb_res and dolerite-peg_atites; 5 -hybrid rocks; 6 - a)

conforaable intrusive contacts; b) intersecting intrusive

contacts; o) wn,deteetod contacts.

The visible thickness of the strat_a-like portion of the intrusion i8 not

under I00 meters. It is characterized by a marked differentiatio_ from tree-

tolite dolerites to granoph_res. The lower portion of the massif is made up

of olivine and olivine-_ypersthenic gabbro-dolerites with poorly expressed

schlieren of trochtolite dolerites. Higher _ these rocks change and we find

normal gabbro-dolerites consisting of plagioclase labrador and monoclinal



pyrexene with an ad_ of hypersthene, olivine, tita_tite and others.

Still higher on the section the gabbro-dolerites are replaced, in turn, by

ferro-gabbro and quartzian gabbro-dolerite rocks which are tied together by

_,tual transitions.

......... /v e w II

Section through chart of Anakit massif (of. Fig. 2).

shown in enlarged scale.
Legend: a)

Section

Section through AB; b) Lower _u_mska River.

/

In the uppermost portion of the massif the dolerite-pegmatites and grano-

phyres (Figs. 2, 3) are extensively developed. In the endocontact portions the

mierodoleritee aud porphyry microdolerites are generally distributed.

The most a_ fea_are of the trappean _ duri_ tim course of its

crystallization is the absolute concentration of iron and alkalies in the

later _es Off'he process, _Ybis ph_n was discovered by V. S. Sebolev

over 25 years age E_], az_ it is clearly manlfested in the Ana_t differenti-

ated _assif; it is expressed as a _ccessive crystallization of minerals of

variable composition related together by definite paragentic ratios of olivines,

pyroxenes and plagioclases in which the content of iron and lye changes d_ring

the crystallizatian of the magma. The eo_sition and distribation of minerals

in the vertleal section of the _assif un_btedly point to the presence of pro-

ces_es of differentiation in the cry_alliza_ion of the tra_ _a_ and to

the non-si_taneoue formation of separate differentiates. The _Lueralogical

characteristic of rocks in the Anakit massif is given in Table 3.

The gravitational, crystallizational differentiation of the magma was af-

fected during the process of movement (extrusion) of magmatic melt, a fact

pointed to by the arrangement of crystals of plagioclase in all the differenti-

ates of the massif with the exception of dolerite-pegmatites and gra_ophyres.
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Table 3

Changes in Composition of Dark-Colored Components and Plagioclase
Through the Vertical Section of the Anakit Massif

_ t _ _ .

Differentiate

Granophyre

Olivine

Mineral

m

pyro xen I Monoelinie pyroxene

Fa_,a-_ Fs,_

Fa_-,s Fs_o
Fa,8-5o Fs_o

Fa:_o-:_

Wo__,I En._,_ Fs,o-ls 8..5--89

Woa_-,_ En39÷,1 Fs,s__ 80--86
o_,, Enal-3s F%__3o - 60--78

Wo_o-,3 En3o-_ F%o._ 48---59
Wo,_r En2.___ F%o-_9 42--58

Vi"°_-,s Erl,.-_2:_Fs3___,,_ 31--44
Wo, End_ 5 Fs_..__:_ 21--30

In analyzing the orientation of the plagioclase I) in the rooks of the

Anakit massif _ succeeded in establishing the presence of two ineurrent oanals

through whieh the _ was eondneted to the space presently occupied by the

intrusion: I) the dlke-like inter_ting Body in the northeastern portion of

the massif, 2) the group of apophyses in the northern and northwestern portion

(+.helatter pre_.mab!y are co._eeted _gether _ the depths), v_u general, the

magma progressed in a southerly direction from both of the channels squeezing

itself out into the rook mass which makes up the Anakit upheaval. The intru-

sive body for_ed hereby inherits the c_pola-like form of the enveloping, double-

plung_ anticlinal fold acquir_ the shape of a phaeolith.

On the basis of ,the direction of differentiations, the eolp_sitlon of the

rocks and their _-tual distribution in the vertical section, the Anakit massif

closely resembles the Skaergard nassif in Greenland E79, 95] and the Alaadzha-

khsk trappean massif in the Vily_ya River basin [30]. A special article by

author is devoted to a more detailed petrological description of the Anakit

trappean massif.

i) In nAking the analysis of the structure of the nassif we used _iero-

structure observations in the large scale pro_cessing of orientated schlieren

using the method of V. V. Zolotukhiu !18, 19].
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IV. EXOCO_rACTS OF THE ANAKIT MASSIF

The contact influence of the Anakit intrusion on the interfering rocks of

the Ordovician and Lower Silurian was expressed in the high temperature neta-

norpbosis as a result of which there was a formation of marbles, containing

rare silicates of calcium, hornfels of larnite-merwinite-spurrite snbfaeies,

and others. The next stage in the contact effect was the appearance of garnet-

pyroxene skarns end nagnesioferrite ores. The concluding stage is characterized

by a rather abundant hydro-thermal activity which was manifested in the forma-

tion of a nunber of h_silieates of ealelun, silieifieation, serpentinization.

etc.

A. Metamorphic Stage

Under this heading it is appropriate separately to consider the pro&acts

of netamorphim as a function of the original nonaetanorphosed rooks on the

one hand_ and the temperature of the contact effect from the trappean intrusion,

on the other. Two groups of eontaot_etanorphic rocks are to be distinguished

from their re.stature characteristies:

!) high temperature marbles and hornfels of a larnite-mervinite-spurrite

mbfacies (sanidinite facies of contact metamorphism according to F. Turner and

2) the ¢onparatively lower te_eratare marbles and hornfels of pyroxene-

hornfels facies than in the preceding case _3- These tvo groups of rooks

clearly differ from one another in their mineral composition and position in

the contact zone of the Anakit massif. Depending on the conposition of the

original rocks in each of the above nenti_ned groups we differentiated between

several mineral associations formed:

a) in the metamorphim of calcareous marls with a certain admixture of

free silica and dolomite:



b) in the metamorphism of dolomitic marls and silica dolouites:

c) in the netamerphisa of calcareous, calcareeus-doloniti@, and dolonitic

sandstones and aleurolites with interlayers of argillites.

High Texge_ature Contact Me_r_h_ =m

(Ssnidinite Facies)

Metamorphism of Calcareous Marls

The highest tenperatu__e netanorphio rocks of the contact aureole of the

Anakit differentiated trappean massif are located in the central portion of the

cupola-shaped structure where the _ irrupted through numerous ruptured tec-

tonic dislocations, i.e., in the _ediate vicinity of the incurrent channel.

The area of dlstrilmtion of these rocks is the right bank of the Lower

Tunguska River. _ewhat below the nnuth of Vostoch_y Streaa. The nain por-

tion of the original exit is found in the area of the river flood plains and

is covered by the ._ flood va$,er$. The first deseription of the rocks was

by v. s.

Marbles. containing rare silicates of calcium of the laraite-merwi_te-

spurrite subfacies of contact netamorphi_ c__neide with tBe _ntact= of the

thick asy_aetrie apophysis of the Anakit massif (Fig. _). In the western con-

tact zone are to be found chiefly rocks formed from essentially dolomitic marls

and consisting of calcite, montic_llite, melilite, and others.

In the eastern oentaet zone of the apophysls there are narbles formed in

the neta_orphil of emm_al_T calcareous marls (the content of dolomite is

between I0 and I_) and, in additien to calcite, _they contain spurrite, mer-

winite, till_te, and others.

The position of the enclosing rocks on both sides of the apophysis is

varied. On the western side the apophysis is in contact with the non-dislo-

cated carbonaceous stratum of the Silurian period; the contact bears a clear



concordant imprint, On the east it is bounded by a block of Silurian calcareous

marls severed from the substratum and various Ordovician sandstones and aleuro-

lites. This block is cut up by veins (apopbyses) of traps and is metamorphosed.

The eastern portion of the block comes in contact with still another thick apoph-

ysis of the Anakit massif. Made up of rocks of the Ordovician period, the east-

ern portion of the block is converted in _taaorphim into various hornfels de-

_ribed below. The block of Silurian rocks is not like the xenolites although

the latter are also e_eountered in the endocomtact areas of the massif, but

their _sien is usually not over several meters (along the larger axis).

The block is isolated and somewhat turned as a result of disjunctive tectonic

activity of the emreloping stratum bounded on all sides by ruptured dislocations

into uost of which the trappean magma intruded. Shown in the large-scale sche-

matic chart (Fig. _) of the right bank portion of the Lower Tunguska River in

the area of the apophysis of the northwestern part of the Auakit massif is the

interrelation of _s with enveloping rocks, including the previously mentioned

blocks of metalorphosed Silurian-Or_vician rocks. One is struck by the dis-

tinct!y intersecting character of the apop!_vsis which irrupts into the internal

portion of the block.

Despite the fact that all sedimentary deposits making up this block are

rather strongly mets_rphosed, nevertheless, the rocks _ediately adjacent to

the contact with traps are distinguished by the more intensive metamorphism.

This zone of intensive contact ne_rphima is 10 - 18 actors thick.

The marbles in the zone of intensive metamorphism are light gray to dark

gray in color and broadly striated in texture. The nature of the coloration

emphasizes the striated (or striated_sottled) texture of the rock. The darker

portions, made up chiefly of silicates of calcium, are clearly seen on the

overall light gray background of calcite marble and contain practically no
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Large-scale sehenatle geelogleal chart of the right bank portion
of the Lever Ta_guska River in the area of the Anakit cupoloid

elevation somewhat below the neuth of Vostochn_y Streaa.

_; I - gabbro-dolerites and ferro-gabbro; 2 - granophyres
and dolerite-pegnatites| 3 - wlcrodolerites; A - hybrid pyro-

xene-feldspar rocks; 5 - _rid shonkinites| 6 - _oc_m_eks
formation marls; ? - contact _one with an extensive develop_nt
of w_nticellite-uellilite rocks; 8 - contact zone vith a snb-
stantial development of spurrite-_elilite_er_nite rocks; 9 -
pyroxene-_llastonite, pyroxene-plagioclase, pyroxane and other
hornfels| I0 - area of _ development of phlogopite-and-sani-

dine-_ntaini_ rocks; 11 - quartz rocks; 12- skar_ veins.

silicate minerals. Isolations ef silicate minerals are striated, irregularly

lens-shaped_ or s_-eak_ in _arance. The bo_ry betwee_ them and the marble

quite to weather the are

than calcite and emerge as e_inenoes on the surface of the marble. The strut-

ture within the bounds of the isolation and in the enclosing marble is charac-

terimed by heterogeneity, changing from fine to aedlu_ granular. The individnal

layers of calcite silicates in the marble do not exceed ? - I0 ca, and the

general thickness seems to be between I and 3 cn. The distance between adja-

cent lines, separated essentially by a calcite interlayer, also varies within

these liuits. Along the strike the bands made _p of silicate _inerals vary

greatly in thickness and often taper out at a distance of 30 to _0 m. In

some places within the liuits of thin, lens-shaped and striated isolations one

encounters nodnlar "swellings-" with a cross section length of I0 - II m.

Similar nodular isolations are sometimes fo_ isolated in marble. Very often

the larger isolations have thin, streaky ramifications, thin leaders, and the

like which _ connect with adjacent isolations.



All tho _amerouslens-shaped, banded, nodular and other kinds of isola-

tions are u_ally grouped and oriented in the plane of a definite horizon

(Fig. 5) and extend over a considerable distance. The isolations grouped

within the bounds of this horizon name up the above mentioned coarse, strea_

texture of _tsmorphlc rocks.

The ealelun silieatee whieh aake up the isolations in narble are repro-

sented by _te, spurrite, nelilite, and tilleyite. In addition, usually

present in this association are pyrrhotite and chalcopyrite. Here and there

in the interior portions of the nodular swellings and in large nodular isola-

tions one encounters concentric sections made up of wollastonite aggregate.

Macroscopically, these _llast_te "nuclei" are white, rose, or light gray in

color and have a _ grain structure. The l_undal_es of the "nucleus" are

u_ally sharp and clean. Occasionally trid_te and pyrrhotite are found in

association with _llastonite.

Given in the following are the characteristics of silicate minerals which

are forued in the letanorphism of calcareous marls containing a certain ad-

mixture of dolonite and free silica.

Tridyaite .. SiO2. The nineral is found in certain concentric isolations

of fine grain wollastonite (in wollastonite "nuclei" fron nodular swellings).

It foras _icrocrystallie growths, consisting of irregular and coarsely laainated

grains the diaension8 of which rarely exceed a hundredth part of a nilliaeter.

Ordinarily, one finds ]mot_, lens-shaped, and fusiferu aecumalatlon8 of grains

of trid_nite interspersing the _llastonlte -nueleus e either in irregular

fashion or oriented parallel to its edges. The grains of the nineral are rich

in circular inclusions of _llastonite and graphite. The indexes of refrac-

tion of the nineral are: Ng = I._73 + 0.003, Np - I._ + 0.003. In the

laminated crystals one clearly observes negative elongation and straight ex-

tinction. The optic axial angle is not great and is positive. Double
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Fig. e A large _clysy_thetic twin crystal grain of merwinite (at the

top -- intersecting twin crystals are visible) in association

with sp_rrite (upper left). Interlacing of nicol. Hag. 32.
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refraction is low and of the order of 0.003 - 0.008.

us to define the mineral as trid_te.

Mer_t_ -- Ca_$i_8. Triclinic system _.

All of these data enable

There is a statement in

some literatare to the effect that this mineral crystallizes into a monoclinic

s_stem E_ _t the results ef studies on the orientation of the optical indi-

catrix of mez_te contradict this.

The minaral forms brown or brown-gray small grains associated lith meli-

lite, apurrite, pyrrbotite and ethers. The grains are irregular, circular or

coarsely tabular; usually, they contain inclusions of spurrite and melilite.

Zndividnal mineral eleaents of aerllnite are not ever 1 mm in size, al-

though one occasionally encounters rather large-si_ed grains tabular in shape

up to 3-_ mm in size. The mineral is characterized by the presence of two _s-

terns of pe]_s_etic t_, which intersect along the edges of the prim

(110) and (_--_ _taaangle eZ 4_ (Fig. 6). _tte of_cen one notes a ocmplete

cleavage (posslbly a separation), which divides the angle between the t_ sya-

terns of twin seams into approximately equal parts. Host likely this "cleavage"

is complicated in nature a_ is manifested by a combination of systems of twin

seams of polysynthetic t_ng.

The twlzmed axis coincides with the rib [001]. The angle cNp is about

33°. _ almost coincides with __ to (010), a fact that can be established in

well formed table-ahaped crystals.

The orientation of the optical indieatrix of me_Aaite with reapeet to

the twin axis, to the pole of the twin seam, and plane of imperfect cleavage

is given in the following=

Co0",]
J

Plane of

Z_te_ (_O)

Cleavage

_g=82 ° _g = _ _&= 14°

Nm = 61° Nm = 74° Nra = 87 °
Np = 33° Np = 67" Np = 74°
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I% _nld be mentioned that these data agree well with the results of

study of the optical orientation of nerwlnite given by V. S. Sobolev _].

The indexes of refraction of the Lineral are: Ng = 1.722 +_0.003, Np =

1.705 +_ 0.003, Ng - Np = 0.017. The angle of optical axes is large and posi-

tive, _ = 7_°.

The s_mlfic gravity of this mineral is 3.2, Hardness 6, streak is blaok,

the lu_ Is gluq.

The interplanar distance of merwlnite detersined roentgenoscepically are

given in Table _.

Table

Results of Roentgenostructural Analysis of Mer_rlite*

t .... t............l .....dI ----_ I -.--_
..... /n , _ n

6 2.94 _ _, 1.753

.6 2.8_ 3 1.693
2,7_ i I I. 6;9¢

I0 2.650 1 I. 561

2 2._2 7 1.530

2 2.296 3 1. 430
2 2.200 3 1.378
_, 2.1J+5 2 1.332
3 2.008 2 1.32O
8 1.889 I 1.22/_
8 I.856 I I.195

Photegraphing eondltions: D = 57.3 I: Co = anticathode;

k = 1.78529 A: I = IliA; U = 37kY. Radiation filtered. Cor-
reetlens made in aeeerdanee with combined graph for KCI and

chlorite _ Exposure time _0 hours. Zutensity on ten-point scale.

* Made in the roen%4emost,-ae_ _s58 laboratory of

IG azzl Q, BO aN SS,SR,

SDurrite -- CasSi_8(CO3). Monoclinical system. The mineral forms large

tabular celorless or light gray crystals with several systems of cleavage

cracks. In nature, spurrlte forms solid grainy masses resemblir_ marble. The

luster on the surfaces of cleavage is glassy, hardness 5 - 6, specific gravity

3.0. white streaks; mineral transparent or semi-transparent. Dimensions of



Individual crystallic grains up to 5 =_. The ELneral is characterized by the

presence of perfect cleavage along (I00) (accepting the orientation of spur-

rite according to S. E. Tilley E88, ?i_) and imperfect along (O01). Both

cleavages intersect at an angle of 79°-80°. The optic axial is perpendicular

to (010) and is inclined at an angle of 58° to the plane of perfect cleavages

the axis Na foras an angle of 320 with the rib CO01_.

The _ 8hews two systems ef pelysynthetie twins. The nest _n

and usual are twins with a plane of perfect coalescence (I00). They are ex-

pressed bea_tifully and remind one of plagioclase twins. Characteristic of

polysynthic twins of spurrite is a special phenomenon expressed in the regular

alternation of broad twin plates with relatively narrower ones, the width of

the narrow and wide alternating plates persists rather clearly. Twinning in

spurrite is Just about as widely distributed as in the plagioclases, and it is

a very characteristic dia_stlc featare; however_ totally non-t_d_ned grains

are also enee_tered. The latter feature is most typical of the large crys-

tallic lineral aggregates. Very uncommon is simple twinning.

Less prevalent is twinning along the plane (!01). Twins with this plane

of coalescence not infrequently intersect with the previously mentioned twins

with the plane of coalescence (I00)_. The angle betlmen the t_ twin surfaces

is about I_0 ° here. This peculiarity in the Anakit spurrite was first noted

byv.s.

The seet_Dns perpendicular to the peak of the bisectrix show a _metri-

eal extinction of the adjacent twin plates| the crystal is frequently extended

in the direction of twinning and perfect cleavage (Fig. 7). The section per-

pendicular to the plane (010) _,shows a highly interferential coloring.

I) It is possible that in this case there is twir_ along (I01) and

(I01),- however, this cannot be proved definitively due to the closeness of
the coordinates of the twin surfaces (I01) and (I00).
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The orientation of the optical indicatrix of spurrlte __th respect to the

poles of twin s_aces of coalescence (edge twinning l_w) after making a de-

termination on the Fedorov universal stage is as follows:

Twin Plan of Coalesoenee

Perfect Cleavage along (I00)

: _g=32 °
: Nm=58o!

:: Np=90°;

Twin Plane of

Coalescence (I01)

Nm = 65°

::Np=9o._

The indexes of refraction ef the mineral are as fellows, Ng - 1.679 +_

o.oo3, _ = 1,640 + 0.003, Ng-_ = 0.039. 2V =-39 °, r> v. These data agree

well with the determinations of other investigators who _udied spurrite. Spe-

cifically, according to F. E. Wright= _g = 1.679 + 0002, ]tp = 1.6_0 ,_0.002,

_g-_ = 0.039(inNa llght),_ = -_._ [973:acco_ to s. _. rn1_,

sg = 1.68o._p = I._o, H_-_ = 0.0_0,2v = -4o0[88].accordingto o. F. Turtle

and R. I. HarMer= Ng = 1.679 + 0.002_ _p = 1.6_0 + 0.002, Ng-_ = 0.039, 2V =

_o o (_o) [c;23, etc

=,

• o o . ., : _\-/ _.._:_

,J

Spurrite rook. The large grain of spurrite (on the left)

apparently forms as a result of smaller tablet-shaped spur-

rite grains in re-crystallization. The nicols are twisted.

Magnification 32.

Fig. 7.
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In the roek spurrite associates with calcite, mer,,inite, melilite, tilley-

ire, pyrrhotite, wollastonite, and others. Disintegrates readily and is re-

placed by a _ber of later minerals, specifically garnets, calcium hydrosili-

oates, etc,

The interplanal distances in spurrite, roentge_osoopically deterS,

are given in Table 5.

Table 5

_t_ralSUltsof Roe_tgenost_--uc.-,
Analysis of Spurrite

1.5
4

i !i__/

• 6
10

.... 2

2
6
6
1
2
4

d

iI

3.779
3.480
3.152
3.020
2.698
2.674
2.650
2.620
2.531
2.418
2,230
2,185
2.174
2.130
2,086
2,011

3
I0

1
I
I
2
5
I
3
3
I

3
8
I
I
I

d
w_

N •

1,976
1.882
1.821
!.811
1,792
1,766
1 309
!.657
1.607
1.537
1.473
1.432
1,413
1.273
1,257
1.197

Photo conditions: Co -

anticathode: D = 57.3 ram;
k = 1.78529 A; I = 11 ml|
U = 37 kV. Correction made

according to eombined graph
of KC1 and chlorite.

posure time 25 hours. Xn-
tensity on the ten-point

male

* The roentgenostruc-
rural analysis was made in
the roentgeno structural

analysis laboratory of "rG
and G SO AN SSSR.

-- Cassi_7 • (s03)2. _o.o-

clinical system. Mineral first found in the

Soviet Union [_1_].

In addition to the contact zones of the

Anakit massif, tilleyite was established in

a few other points around the world, to wit,

Crestnoreo California, by Larsen and Dunhan

[76], Zron .ountains; _n, _sxieo by SZus,

Jahns, and Stevens [68]; Carlingford, Ireland

by Nockolds [82_; and in Camas Mor, the Is-

Z_d or _ck, ScotZand, by Prof.T_ey [gz].

T4_lleyite grains are not over 1 - 2 mm

in size, but they occasionally reach 8-9 ,_.

For the _st part the grains are irregular

or coarsely isometric with a glasq luster

on ex_ellently expressed cleavage planes.

The mineral is transparent in thin fragments

and reacts violently to muriatic acid. It

has a specific gravity of 2.9 (this figure

is probably high because tilleyite had a

alight ad_ of spurrite)_ and a hardness of 5. The tilleyite content is

usually quite mall (0.5 - I%), but in some instances it reaches 50 - 60% by

volume.



It should be mentioned that =acroscopieal_ tilleyite is difficult to

distinguish fro= the other silicates which aeeompar_ it_ such as spurrite,

mer_Inite, and melilite. Characteristic of it is the presence of several

directions ef well expressed cleavages.

In its optieal properties tilleyite is similar to the mineral described

m.e_:_s Is2] ,men.Ue7 [_]. Zt m,, _ m.,e,,,,,se_ cle-,ge =,_ks.

The first distinctive cleavage (perfect cleavage according to Niekolds C82S

is parallel to (I00) if we accept the orientation of tilleyite by Larmn and

Dunham C76_. It forms an angle of 12e with the Ng axis and an angle of _e

with the ether elear]_ expressed cleavage ("clear" cleavage C82_). This

second cleavage is also a twin plane of coalescence.

The twins are lalinated, simple, and rarely pelysynthetie: the t_

is along the edge and axis. The natsre of the polysynthetAe t_ is

with the strict re_arity as in =purrite. The twin plane is parallel (101)

and perpendicular (010) to the visual axis plane. In the section normal to

Nm and parallel to (010) sy_etrieal extinction equal to 2_ ° (angle between

the axis _ and twin sea,,,) is characteristic of a tYlnned crystal. The third

cleavage is less clear. It is parallel to (010) (the "poor" cleavage accord-

to _Zds C823) _e fo=_th clea-_o ("_ery poor" [8_3), _, p._=ei-

cular (010) was manifested in Anakit tilleyite. The Ng and _p axes lie in

the (010) plane, and t_ Nm axis eeineides with the seeo_ crystallogrtpbie

axis.

The direetion of the optical indieatrix of tilleyite with respect to the

poles of the cleavage plane after determination on the Fedor universal stage

was as follows:
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Cleavage alemg (I00)

("perfect")

_&-Ya-
Nm.=gIP

I¢p= ,2 o

Cleavage along (I01) Cleavage along (010)
("eaear"). _ ("poor")

plane of
coalescence

"._ = 240 "_£--9iY"
Nm--_ Nm--{P
Np-S_ Np--_

Fig. 8. Spurrite-tilleyite aggregate. Relict poikillitic ingrowths

of spurrite included in large irregular grains of tilleyite

(light)._ intertwined._ag. 32.

The angle of optical axes of the mineral are very large, po_tive;

21/ = 88°, r < v. Indexes of refraction: Ng = 1.653 + 0.002, Nm = 1.63_ +_

0.002; Np = I.611 + 0.002; Ng-_p = 0.0/$2. These data agree well with the de-

terminations made by all investigators studying this rare silieate of calcium.

A__ to LarM_ and _ _g = 1.652._ = 1.635;_ = i.(,.I.? (a11 +_.o.oo3):
i

2V = 90° [76"]. Aceez.Sing to Glass, Jahns and Stevens Ng = 1.651: Nm = 1,635:

Np = 1.616: r < v [68]. A@eording to :Niokolds Ng = I. 653: Nm = I. 632; Np =

1.612 (all + 0.003); 2V = +87 ° E_I]. Harker's determimation who cited the

research data on tilleyite from Carlingferd (Ng = I. 656 _,Nm = 1.632. Np =

I.599)r_ses _u_t ['n.].



Tilleyite ordinarily develops from spurrite and is a later mineral phase.

Oftentimes it forms borders and margins around the spurrite grain, appearing

on the boundary between the spurrite and calcite. The resorbed crystals of

spurrite not infrequently are included in this as nuclei in circular fused

grains of tilleyite (Fig. 8). The large crystals of tilleyite (8-9 sa in

cress section) my contain a Enltiplicity of peikillitic inclusions of spur.

rite, and in that ease tilleyite plays an important part as a cuenting tissue

for spurrite grains. Oftentimes in tilleyite one can observe irregular relict

inclusions of calcite and aelilite.

Tilleyite diELntegrates rather easily and is replaced by a number of

later, lower te=peratux_ minerals, particularly columnar, bydrothen_Ll _lla-

stonite, as wall as hillebrandlte and other hydrosilicates of calci_

The prese_e of tilleyite in the Anakit contact zone could be expected,

on the basis of the ana_Vsls made here, under conditions of low prostates and

high tempera_Lres of a sd_e_al association of larnite-aerwinite-spurrite sub-

facies of contact metamorphism. Harker, in an article devoted to the problem

of the formation of tilleyite, expressed the idea that in the Lower Tunguska

River area tilleyite should be present not only on the strength of the appear-

ante here of spurrite-aerwinite rocks, but also as a consequence of the pre-

sence in the association observed of silica and fluorine..containlng minerals,

cuspidine and melilite _71, 72_. He confirms his own conclusions by data fro,,

a paragenetic analysis of natural associations of minerals and an artificial

synthesis of tilleyite in the presence of traces of AI20 3 and CaF2. It should

be noted, however, that cuspidine very clearly develops, in our instance, after

tilleyite, replacing it. Hence, fluorine along with certain other components

is added to the contact marbles after the formation of tilleyite. Our atten-

tion is invited to the following peculiarity| tilleyite in its formation



distinctly gravitates to the boundaries between spurrlte and calcium (Fig. 9),

and is the product of the reaction between them (or between s_L_rite and 002)

with a drop in temperature.

Given in Table 6 are the interplanar distances of tilleyite determined

roentgeno_op±_11y.

Wollastonite-. CaSiO3. As we remarkedpreviously,wellastoniteforms

_, Qry_ut@. d=nse_.ee.t,_t_ono_ i_la_.s C_11.sto.lt_"-==_oi")

in the spurrite-merwini%e-melilite sections of contact-metamorphic marl rocks

(_gs. 1o, n).

_I_! ', - ....... _, = _ '_'.' _, _'- _,_ / '" 't .... -,

'_:_ "_: : _:= _'2 _ "i _ _' " '" _'_"'_-'_k -_ " " "_:

". '_- : --- - ' _ "k _ , ._ _ "_k. ':

Fig, 9. Borders of tilleyite (light) about polysynthetic twinned grains

of sp_rri't_° Main bacMtg_l is calcite (gr_$'). ltiooli :I_r-
_ed, _g. 32.

The dimension of individual grains of wollastonite is not over 2-3 mm_

Color) w_ite, rose. or light gra_ with yellowish tint. Grain prtmatic or

more often tablet-_aped along (I00), usually somewhat elongated. Glassy

luster, hardness 5, specific gravity 2.8.

Two cleavages distinctly manifested in the mineral: the perfect cleavage

along (I00) and median cleavage along (001).



Table 6

Results of Roentgenostru2toz_l Analy-

sis of Tilleyite T

- _LJ _ t _

2
1
2

6
2
6
1
1
5
,3
2
5

d
R

7,474
.5,988
3,448
3.328
3,172
3.091
2,999
2.789
2,528
2,488
2,_H
2.254
2.086
1,926
1,906
1.892

2
I
2
1
1
7
2
1
2
2
2
3
2
2
2
4

d

tI

1,825
i .800
1,752
! ,710
1.664
1,614
1.537
1,5O9
1,442
1,376
I .361
1.257
1,212
1,175
1,150
1, i07

Photo cozclitions, Co = anticathodel

D : 57.3 I| k : 1.78520 _X| I : 1_I I_|

U = 3? kV. Correction made according to
combined graph of _Jl and c_orite. Ex-

posuxe time 25 ho=rs. Y_ten_ty aceord-

in_ to th_ ten-point K_3.e.

* P,o_t, ga_ m_lysis
made in the Institute of Geology amd

Geography, USSR Acade_ of Sciences.

Pelysynthetic _ paral-

lel to elomgation widely distributed.

The nsmber of twimning lamellae does

not exceed 3 or b. The first pima-

cold serves as the intez_r_

plane. In individual, comparative_

ra_ ea_s _ oaeu_s

(001). The twimmlmg is on the facets.

The plane of optieal axgs forms an

angle of _o with the second crystal-

lographie axis and lies in the (010)

plane. The Np axis forms am amgle

of 32 ° with the third crystallogra-

phic axis.

The oriemtation of the optical

indicatrix of wollastomite relative

to the cleavage poles and t_

planes of coalescence is as follows:

Cleavage along (100) Twinned
Plane of Coalescence

_=3_

Nm=90 °

Np=58 _

Cleavage along (001) Twirmed
Plane of Coalescence

._g = 52"

Nm=90 _

Np=3P

The indexes of refraction of the mineral areg gg = 1.635 +_ 0.003, Np =

1.623 +0.O03. 2V = -39 ° , r> v.

The resolts of a chemical analysis of a monomineral fraction of wolla-

__ _ as fono_: sio2 = _9.1_, TiO= 0.07_, A_3 = 0.0_, F_ = none,

Fe_3 = 0.I_, MnO = 0.0_, MgO = 0._, Ca0 = _8.31_, Na20 = none, X20 = 0.06_,

H_ = 0.0_, other = 1.0_. Total -- 99. 63_ (in percentile weight)l: in

I) The chemical analysis was made in the ehemicml-analytieal laboratory at

the Tnstit_te of Geology amd Geophysics, Academ_ of Sciences, USSR.
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general this corresponds rather closely to the theoretical for_a for the nlu-

eral CaSiO 3.

Wollastonite from concentric isolations is usually quite pure and foras

virtually noz_aineral aggregates. Soneti_es admixtures of trid_te and graph-

ire (ef. above) as _ as _ flakes of hematite in axounts under one per-

cent are observed.

Given in Table 7 are the interplanar distances of wollastonlte.

Hal_±te-- (Ca. Sa)2(_. AI)(S±.AI)2Q7. Tetr_on_ _. _,.eral

forms round or short pri_atic, fine crystals (up te im), associated vith

merwinite, spurrite and tilleyite. It is ordinarily found as an inclusion in

nerwinite and in _Tite. Rarely fores independent acc_ations. Colorless

mineral with an unclear cleavage along third pinaeoi_ Glassy luster, hard-

ness 5, speeifie gravi_ 2.9-3.0,

Insofaras its eptiealprepertlesare conceraed, the mineral is essentially

an akeraanite_ueli_te. The in_s of refraction are: Nm (high index of re-

fraction) = I. 650-1.6_5 +_0.003, Np (lower index of refraction = I.6_7-I. _I

+_0.003. h_ - Np = 0.001 - 0.005. Single axis. Sign of elongation positive

or negative. Characteristic of the mineral grains is a blue-violet or blue

anomalous interferential color.

From these data it follows that the optical properties of nelilite are

characteriled by a high order of variation. Irregularity in properties eeeure

even within the limits of the Indivldnal _ and is expressed most clearly

in the case of sonal crystals of melilite. U_ally in this ease the central

portion of the grain is practically isotropie and has the following indexes of

refractions h = I. 62t8-I.69t7+ O. 003, Np - I.6/$7-1.6_6 + O.003. The border

portions have double refraction of the order of O.O0/t - 0.005 and the follow-

ing indexes of refraction: _ = 1.6_-1._5 + 0.003, Np = 1.6_3-1.6_I + 0.003.



Making use of data by I. R. Golds_midt [9] and Trager [58] to obtain informa-

tion about the chemical composition of melilite we can conclude that the cen-

tral portions of such zonal grains of melilite are richer in molecular helenite

(_ to _ of helenite) than the border grains, which contain up to 8_ and

more of akermanite.

Fig. "10. Wol!astonite pseudomorphosis (Wo13.) through a silicilite

concentration (central light nucleus) surrounded by con-

centric borders of cuspidine and garnets (thin fringes

around the _ollastonite nucleus; cuspidine - _hite, garnet-

dark), tilleyite and spurrite (Ty. - Sp.) and merwinite (Met.)

in fine grained marble (Cal.). Polished lump of ore,
Natural si_e.

Variations in the optical properties of various crystals of melilite are

explained by the same reason, i.e., a considerable change in the chemical

properties of the sdnerals. These variations occur even in comparatively

volumes of the rock (within the limits of one section) and are a oharac-

teristic feature of Anakit melilite. One other characteristic feature should

be mentio_ed_ in association with spurrite, melilite u_ally contains some-

what more helenite (compared with median oo_position).



Fig. 1"I. Details of wollastonite pseudo_orphosis along ailieilate con-

cretion. Fine grained _aterial on left of _icrop_otograph --

wollastonite aggregate surrounded by a amrgin of cu_pidiue
-  ag. 32.

TableResults of Roeatge_ostru_ A_

sis of _ollasto_ite*
d d , •

I --" I --s ,

Table 8

Results of Raeatgem_ A_aly-

sis of _elilite*

5
5
8
4

lO
1
3
3
3

6
3
3

3
i

i

3.83
3.51
3.30
3.08
2.g6
2,79
2.70
2.53
2,46
2,32
2.28
2.16
2.008
1.974
J .874
1,823

4
7
7
3
6
6
6
2
4
2
2
5
2
2
4
4

1.749
1,709
1.595
1.527

I. 472
1.456
I;355
1,340
1.262
1.237
; .209
1,172
1.142
1.104
1,089
l ,030

d d
! --" I _a

#I n

2 4,22 3 2,O40

4 3.72 3 1,967

2 3,42 4 1,856

5 3,09 2 1,812

I0 2,832 9 1.753

2 2.442 2 1,67O

6 2.39_ 3 1,510

6 2.296 3 1,472

2 2.195 B 1.430

4 2,145 3 _ " 1,405

5 1,378

/ :

D = 75.3_; _ =1.78529 kX; I = 11aA; D= 57.3-_: X =1.53739 MX; I =16mA)

U = 37 kV. _x_osare tiae 25 _ours. U = 37 kV. Ecpos_re time Z0 _ours.
Radiation filtered. Correction made Radiation filtered. Correction made

according to combined KCI and chlo- according to combined KCI and chlo-

rite graph. Intensity by the ten- rite graph. Intensity according to the

point seale. _-_scale.

* Roentgenostruct_ral aaalysis * Roentgenostructural analysis
made in roentge_ostructural analysis made in roe_tger_structural analysis
laboratory of the IG and G SO AN laboratory of the IG a_d G SO AN
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The interplanar distances of uelilite, oontalrd_ng about 70% akermmite,

are given in Table 8.

Table 9 Usually encountered in small amounts among

Results of P_entgenostruc-

rural Analysis of Pyrrho-
tire*

,, u J,

Modificatioz

d

i 7

6 2,97
9 2,63
1 2,50
1 2,26

10 2,07 m

9 1,70 --
6 1,62

4 1,43,-

6 1,32,-

4

the above-described silicate minerals are sul-

phides of copper and iron -- pyrrhotite, chal-

I ...... colmyrite and graphite. These minerals are
Nonoelinie.

Modification rather broadly dis_,ribxtted, espeoially pyrrl_-

I

10
4
9

4
3
4
4 _
2
6

d
--I

n

w

h

2,07 m
2,(_5
1,70 m

1.59 m
1.48
1,45
1,43 m
1.41
1,32 m

1. 179 m

1,31
1,29 m
1,179 m

tire. However, as mall impregnations in the

silicates and in calcite, they constitute a

part of the total volume of the rock (not

over _ by volume),

Graphite - C. The mineral forms a thin,

flaky aggregate in association with trid3_ite

(el. above). The size of these ELueral associ-

ations rarely exceeds several hundredths of a

millimeter. Color of graphite is steely-black,

dull luster, hardness i, has pronounced double

reflection and distinct anisotrophy.

Photo conditions: Co -

_nticathode; d = 57.3 _:
= 1.78529 kX: I = !I aA:

U = 37 MV. Exposnre time,

13 hours.  d ,.st n •  n  tlte - FeI_S. In the  taet
tered. Cerreetien a_o_t-

Ing to _ g_a_ bf K*_ _- of the Anaklt massif the mineral Isa_
and chlorite. Intensi_ ac-

ten-point scale, of two s_iifications: hexagonal and nonoclinie.

* Roent_nostmtaral
analysis made in the roent-
geno structnral analysis

laboratory of the IG _ G
SO AN SSSR.

Pyrrhotite does not for_ _eparate crystals; it

is observed in the form of fine impregnations

of grains of irregular form or aggregates of

several grains. It is associated with spurrite,

merwinite, tilleyite, calcite and others. Dimensions of grains vary from 2 to

3 _ and less. Color is bronze-yellow, black streaks, metallic luster, hard-

heSS _, specific gravity 3.6. Discloses imperfect cleavage. In the polished



sections it has strong anisotropy and yellow-rose coloration. Whenscoured

in HF vapors weakly expressed, sharply-angular laminations are exposed in

individual grains or in portions of grains_ this is developed in two mutually

perpendicular directions.

The interplanar distances ef pyrrhotite, represented by a combination of

monoclini¢ and hexagonal nodificatiens, are given in Table 9.

The interplanar distances ef the monoclinie modification agree rather

well with the data quoted by E. N. Yeliseyev on the mo_linic pyrrhotites of

the USSR. Likewise very characteristic is the cleavage of lines on deba_egraas

of Anakit pyrrhotites, a fact which might Indicate the presence of monoclinic

modifications (B - pyrrhotite) EI2_.

Spectral analysis shows the presence in pyrrhetite of Ni, Co, Ou, Ga in

the of o. 3 - o.ooi I).

- CuFe82. The wlneral.foms mall, _argrowths or ag-

gregates of izdividnal _s whose d_mmnsion rarely exceeds I mm. The color

is brass yellow, black and green streaks, metallic luster, hardness 3, very

brittle. The presence of chalcopyrite in marbles of the contact zone of the

massif is supported by data obtained from spectral analysis 2) of the monomin-

eral fractions of this mineral_ it showed the presence of large amounts of

copper, iron, and sulphur. Also present, hut in small quantities, were Co,

Ni, V and other elements. Chalcopyrite is extensively associated with the same

minerals as pyrrhotite. Occurs very coumonly.

.8.t_ctural Re,,!ati_nsbd_s ?f Minepals

The internal structure of calcium silicate isolations in narbles is very

interesting. Two groups of such isolations stand out rather clearly insofar

as structural pecularities are concerned: with the central wollastonite "nu-

cleus" and without the _llastonite "nucleuS'.

I)
AN SSSR.

2)
AN SSSR.

Spectral analysis made in the spectral analysis room of IG and G SO

Spectral analysis made in the spectral analysis room of IG and G SO

3?



Isolations without the central wollastonite nucleus having, as we already

mentioned, lazinated, irregular lens-shaped, nodular or veined appearance are

usually made up, in the interior portions, of merwinite, which forms coarsely

isometric, tablet-shaped or irregular polysynthetic twinned grains, not in-

frequently with sinuous boundaries. Merwinite always contains numerous polki-

litic ingrowths of p_tic and circular grains of _elilite. The peripheral

parts of the isolations consist of elongated tablet-like or irregular poly-

synthetic twinned grains of spurrite, which also contain inclusions of neli-

life hut in m_ller quantity. Merwlnite apparently forms somewhat later than

does spurrlte and melilite because the latter are sometimes attacked by mer-

winite with partial replacement a_d form resorbed poikilitic ingrowths in it.

Worthy of attention is the fact that the content of melilite increases from

the edge portions of the isolations toward the center, i.e., the amount of it

increases in associations with _erwlnite. Another characteristic is that in

associations with merwlnite malilite contains a large amount of akernanite

molecules (cf. above). Sometimes, nelilite forms virtually a monomineral ac-

cumulation inside the essentially merwinite section of the rock (cf. Fig. 12).

All of the above listed minerals contain ingrowths of pyrrotite Eand chalcopy-

rite_, which are more or less uniforaly scattered throughout the rock, and they

are encountered also in isolations of calcic silicates and in marble.

Here and there spurrite is replaced by tilleyite which forms large por-

phyroblasts or reactienal borders appearing on the boundary between spurrite

and calcite (of. Fig. 9).

Isolations with a central wollastonite nucleus have quite a different

structure. Thin-crystallic wollastonite nuclei are surrounded by concentric

rims ef tablet-like grains of spurrite, radially orientated to the boundaries

of the nuclei. The peripheral part of the rim is made up of tablet-like



grains of merviz_te. Tied in spatially with spurrite and mer_Inite is melilite

which forms poikilitic inclusions: its amount in this case is also net a con-

stant quantity; it increases in associations with merwlnite. Pyrrhotite is

also universally present. In the internal portions of the rims and directly

in contact with the _llastonite nuclei, spurrite net infrequently is inten-

sive!y replaced by tilleyite which forms comparatively large (_p to I cu in

cross section) eoarsely isometric porph_blasts rich in relict, resorbed grains

of spurrlte 8).

The details of the internal structure of the isolations are clearly re-

vealed on the exposed surface of marble. On exposure, calcite, spurrite, and

tilleyite disintegrate more readily than merwinite and _llastonite, and in

their place there are formed pits in the marble. The spurrite and t_lleyite

are covered over with a white_ floury deposit and they stand cut clearly against

the back_ of gr_, medium grained marble. The merwinite forms dark pro-

trusionso borders and rims, while _llastonite portions -- of the nucleus --

Ccf, Fig.form white or rose colored ceneentric projections inside the spurrite

5).

Table I0

Results of Chemical Analysis of

.......... (pe _cer,t_ w_
t

SiO_ TiOs AltOs FeO Fe_Oa_ MnO

25.55

25.08

28,70
_k_.: rock

0,8" 0,68i

1,27 0.79]

* Chemical analysis made in +-_hechemical-analytical labora-
tory of IG and G SO AN USSR.

The chemical composition of certain types of contact-metamorphic rocks is

illustrated in Table I0. In all of the analyzed rocks there was a certain ad-

nuixOAre of melilite, calcite, tilleyite, cus_idine, pyrrhotite and other.
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Metanorph!m of Dolonitic Marls

In the western contact zone of the asymetric apophysis of the Anakit

intrusion there is an extensive development -- as is the case also in the

eastern contact zone -- of marbles containing spurrite, merwinite, tilleyite,

nelilite and other. They have approximately the sane structural-textural

peculiarities as the previously described metamorphic rocks. However, in

the marbles of the western zone there are layers, lentils, and thin horizons

of monticellite-melilite and monticellite rocks, in which monticellite and

melilite or monticellite alone are the basic components of marble apart from

calcite (Fig. 12). Apparently, these rocks were formed in the contact meta-

morphism of dolomitic marls or silicious dolomites forwdng thin layers in

the part of the Koc_eks formation.

Rocks of the western contact zone have a mottled appearance dne to the

dark gray to black oolor of sdlicate isolations on a light gray background

of medi_ to fine grained calcite marble. Silicate isolations (spurrite-

mer_Inite-tilleyite-melilite) that are striated, lens-shaped, nodular or

veined in appearance are grouped together in a difinite horizon, forming a

coarsely striated texture similar to the one described in the previous chap-

ter. Nonticellite-melilite and _nticellite marbles are light gray in ap-

pearance and differ little nacroscopically from pure calcite marble. They

form layers 20 - 50 ca in thickness in the coarsely striated, essentially

spurrite-melili_rvinite rocks. The overall trend of layers coincides

with the strike of unchanged marls beyond the limits of the aureole of con-

tact metamorphism of the trappean massif. The thickness of the western

contact zone is 12-13 m.

Given in the following are the characteristics of _onticellite and

melilite -- the main silicate minerals of marble formed from the metamorphism

of dolomite naris and siliceous dolomites.
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Nonticellite -- CaMgSiO_. This mineral forms fine, scattered irregular

grains or coarse prismatic crystals (Fig. 13). The grains are colorless or

dull gray colored and are rarely larger in size than 0.5 m. The mineral has

a glassy luster, hardness 5. I_perfect cleavage is observed along (010). The

plane of the optical axes is parallel to (O01), axis Np coincides with _0103.

Orientation of pole of cleavage of aonticellite relative to optical indica-

trix following determination on the Fedorov universal stage proved to be as

follows:

Cleavage along (010)

Ng = 90 °
l_ =90 °

=0 °

The angle of optical axes of the mineral is 75°, negative. Indexes of

refraction are as follows: Ng = 1.661 + 0.O03, Np = 1.6_ + 0.003, Ng-Np =

0.012.

Melilite-monticellite rock. The melilite forms short,

prismatic crystals in the calcite.
in the shape of irregular grains.

Fig. 12.
Monticellite (Mont)

Crossed nicoli.
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1_. 13. Irregular grains of _onti¢ellite (M) in associations with

melilite (dark short prismatic crystals) and calcite (Cal).

Ni_li crossed, Nag. 32.

The amount of _onticellite in _omticellite marble is usually not great and

does not exceed 25 - 30%, _re eften - I0-I_. It associates spatially with

melilite (almost pure aker_Awlte) and occasionally mostly irregular shaped

grains of merwlnite. Monticellite is partially replaced (and sometimes en-

tirely) by irregular or tablet shaped, _lysynthetic twinned grains of mer-

winite. Sometimes, one can observe resorbed grains of _onticellite included

as poikilitic ingrewths in the irregular grains of merwlnite. Tilleyite,

pyrrhotite and ether grains occur at random in this association.

The interplanar distances of _enticellite, reontgenoscopically deterIined,

are given in Table II,

Helilite (mineral closely related to aker_anite) -- (Ca, Na)2(Mg . AI),

(Si, AI)207. Tetragonal system. Mineral foras short-columnar, isometric or

irregular grains (cf. Figs. 12, 13), usually closely associated with monti-

cellite and merwinite if the latter is present. Dimension of individual grains

2-3 _ in cross-section. Color of mineral gray-white, dull gray. Mineral

_2



semi-transparent, glassy luster, Hardness 5.

Cleavage manifested clearly along (001). This mineral differs from the

previously descrlbed melilite observed in associations with spurrite, merwlnite,

tilleyite and others by a somewhat lower index of refraction and somewhat higher

double refraction: Nm (greater index of refraction) = 1.6_3 + 0.003, Np (lesser

index of refraction) --1.638,+ 0.003, NI.Np = 0.005. Sign of elongation nega-

tive.

The sdneral is usually characterized by a uniform structure. Zoning ab-

sent. If present, merwinite zonetisos partially disintegrates the melilite

grains. In its optical properties, the mineral is classed as melilite with a

high content of akernanite molecules _8_, containing helenite, not exceeding

15%. Thus, in associations with monticellite, melilite contains somewhat less

helenite molecules than in associations with spurrite, merwinite, tilleyite

and other ELnerals formed in the netanorphisn of essentially calcareous marls.

Pyrrhotites are encountered as insignificant admixtures in monticellite

and monticellite-melilite marbles.

Structural RelationshiDs of Minerals

In cowposition, as in its structural characteristics, isolations of cal-

ciun silicates (spurrite, aerwinite, tilleyite and others) found in the

marbles of the western contact zone near the asymnetrical apophysis of the

Anakit massif are very sitLlar to the sane kind of isolations found in the

marbles of the eastern zone. The obvious difference in these isolations (of

the western exocontact apophysis) is the absence of wollastonite "nuclei"

surrounded by radially-orientated, tablet-shaped grains of spurrite which are

rather commonly distributed in the marbl_s of the eastern contact zone (cf.

above). Another peculiarity is the somewhat more widespread development,

compared with the eastern contact, of tilleyite which forms large porphyroblasts
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or reactional rims. We should also note the abundance of varied seoondary

minerals, mainly products of hydro thermal activity, which replace the mineral

complexes of the metamorphic stage. A detailed account of the relationships

of monticellite and melilite to other minerals was given previously in dis-

cussing their characteristics. Calcite, monticellite, and me_te are not

encountered together with spurrite.

Table Ii Meta_erpb4 m from Calearegus, IdJestone-

Results of Roentgenostrac-

rural Analysis of Monticel-
lite*

Dolomitic, and Dolomitie Aleurolites and

Sandstones

L

3
4
2
3
6

I0
5
4
8
3
3
6

d

4.16 1
3.62 3
3,14 2
3.08 5
2.88 2
2.65 1
2,57 1
2,38 3
1,810 3

1,761 1
1,714 !
1.599

d
w i

R

1,539
1,4.q8
1.4:5
1,386
!.350
1. ?"/2
1.270
! .20_
1,157
1,123
1,112

The sandstones and calcareous, limestone-

dolomite or dolomitic sandstones gradnally

changing over to sandstone, s_b-dolomitic

limestones, as well as calcareous, limestone-

dolomitic and dolowitic aleurolites, argillites

and marls with thin layers of practically pure

argillites, containing virtually no admixtures

of carbonates occur in the central portion of

Photo conditions: Mo -

anticathode: D = 57.3 ram;

X = I..5_2 kX; I = 6 mA; U =

30 kV. Radiation filtered.

Exposure time 5 hours. In-

tensity according to the

IO_int scale.

* _entgenostruetural

analysis made in the roent-

geno structural laboratory

of Tomsk State University.

the Anakit cupola upheaval; it is of the upper

Ordovician period (03dl). Such sandstones and

aleurolites with layers of argillites make up

the eastern portion of the bloc of Silurian

and Ordovieian rocks, separated from the re-

maining sedimentary layers by a number of tec-

tonic disturbances through which the traps in-

traded later on (ef. above). The western part of this block, as we have al-

ready indicated, is made up of striated marls of the Koebumdeks formation

(_ktch) (of. Fig. _). The rocks in this block were metamorphosed in the



contact zone of the Anakit massif which were converted into varied striated

hornfels. Although the visible thickness of 0rdovician deposits, which make

up the eastern portion of the block, vary from 60 to 65 meters (the overall

thickness-width of the block amounts to I00 meters), nevertheless all these

rock are deeply metamorphosed and ordinarily do not contain relict minerals.

This is apparently explained by the abundance of trappean (dike-like) apopbyses

which contact the block not onl_ on the eastern and western tips but also

penetrate into the internal portion intrudi_ as varied veined and irregular

bodies mntually ties in with one another and with the Anakit massif. One of

the peculiarities of the traps which penetrated into the block is the abund-

ance of various kinds of xenolites of enclosing hornfels. Their dimensions

vary within broad limits: from parts of a centimeter to several meters. Usually

associated _ith_ are hybrid formations represented by shonkinite, pyroxene-

feldspar-_i_a_va__arlddolerites. These rocks, closely t_edin
............................ _ ..... =

are fer_ _ a_tlons of _rnfel8 magma which appeared as a result of

metamorphi_ of deposits of the Dolborskaya formation. The composition of the

hybrid rocks is somewhat related to that of the assi_ated hornfels. For

example, the assimilation of potassium from hornfels containing phlogopyte and

sandinite exerted an influence on the formation of hybrid shonkinites, although

the main portion of K20 is probably of magmatic origin. The increased content

of Ca0 in _ybrid shonkinites and pyroxene-feldspar hybrid rocks with which

the shonkinites are tied by mutual transitions is explained by the assimilation

of the magma of wollastonite, wollastonite-pyroxenite, pyroxenite-plagioclase

and other hornfels.

Hornfels rocks making up the eastern part of the block of the Paleozoic

rock mass are observed in the form of numerous platform bedrocks on the right

bank of the Lower Tunguska River about I00 meters below the mouth of Vostoch_yy
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Creek (of. Fig. _). The total area taken up by the hornfels is 3,500 m . A

I

large portion of the bedrock hornfels, as is true of the spurrlte-mer_te

marbles, is located in the flood plain of the Lower Tunguska River, and are

therefore completely flooded during high water.

Hornfels are very typical rocks and can be seen some distance away because

of the beautifully e_ressod striated texture manifested :in a contrasted com-

bination of alternating light and dark bands. Hornfels, as a rule, are broken

up by several (3-_) systems of parting joints vhich, incidentally, have the

same elements of occurrence or bedding as the parting joints of traps. Be-

cause of the well expressed horizontal and vertical systems of cleavage the

outcroppings of hornfels are step-like in character, a fact which makes it

possible to expose in all its details the textural peculiarities of these rocks.

The hornfels in the main mass are dense, fine-grained and brittle rocks

with .... The :_lors , "

or yellowish to dark gray, black or brownish-red. The nature of the coloration

is governed by the mineral co_position of the rocks. The plagioclase, wolla-

stonite, wollastonite-plagioc!ase, plagioclase-diopside and other hornfels are

usually of a whitish color, whereas rocks in which the pyroxene contains a

considerable admixture of hedenbergite are usually darker or black in color.

H_rnfels containing phlogopyte are characterized by a brownish-red or a brownish-

cherry red coloration.

Striation in the rock is very clearly expressed and conforms with the

strike and pitch of the metamorphosed Silurian-Ordovician deposits within this

enclosing rock mass block (separated from the substratum by disjunctions). The

striations stand out clearly because of the nature and inten_ty of colorations

which have marked boundaries. The structure within the limits of the differ-

ent bands does not change substantially, remaining fine grained (down to
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micrograined). The striated structure of hornfels rocks is dne to the clearly

expressed, sometlmes rhythmic, alternation of thin horizons, layers, lenses.

irregular linearly extended isolations, spots and the like, varying in compo-

sition. The thickness of individual bands changes from fractions of a centi-

meter to one or more meters, although the predominating width of the bands is

within the interval of I0 - 30 el (Fig. 14). Sometimes within the band one can

observe very fine lenses (2_ ram) and chains of small lenses, as well as thin

layers of some other composition than the hornfels which inclose them, and

these are oriented in strict conformance with the strike of the overall stria-

tion of metamorphic rocks. Mottled textures are extensively developed among

the phlogopite-containing rocks.

Fig. 14. Surface erosion of striated hornfels. Right

bank of the Lower Tunguska River.

Two types of hornfels stand out rather clearly insofar as mineral composi-

tion is concerned. The first of these are the hornfels containing sanidine,

phlogopite, quartz (or tridy_ite), diopside with an admixture of basic plagio-

clase, andalusite, pyrrhotite and others. Included among the second type are



hornfels containing pyroxene (a number of diopside-hedenbergites), _llastonite.

plagioclase, quartz (or tridyaite), with an admixture of calcite, pyrrhotite

and magnetite. The first kind of hornfels are distributed, mainly, in the

eastern part of the block of the Paleozoic deposit, whereas the hornfels of

the second type make up the central part of the block, and are directly on the

boundary with the metaaorphosed marls (el. Fig. _). Among the hornfels of the

first type we find Interbeds of the secer_ type of hornfels and vice versa|

however, the tendency noted above is expressed rather distinctly.

In the following we present the characteristics of the basic silicate

minerals that make up the _rnfels.

Quartz. trid_aite -- Si02. _artz in hornfels is encountered in the fora

of individual, irregular grains or aggregates of grains whose dimensions change

from fractions of an inch to 2-3 ram. The grains are usually chunklike in ap-

pearance, being angular, semiaz_ular or rounded forms, the_ are relict, terri-

genous materials of primary sedimentary rocks.

is transparent. Cleavages absent, hardness ?.

positive, single axis_ indexes of refraction:

Quartz has a glassy luster and

Optical properties: optically

Ng = 1.553 i 0o003, _ = !.

+ 0.003. Roentgenostructural analysis of the mineral showed a Debayegram

identical to a - quart- I).

In the process of metamorphism, quartz usually undergees a number of

changes. It is characterized by a wavy extinction or disintegrates into

blocks having a varied optical orientation. The boundaries of such blocks

inside the grain of quartz are uneven, sinuous, and often serrate. Aggre-

gates of quartz grains are converted into a microgranoblastie mass in which

fragments lose their contours, acquiring dentate boundaries at

I) The roentgenostructural analysis was made in the roentgenostructural
analysis laboratory of the IG and G SO AN SSSR.
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Junctions with one another. In direct contact with the intrusive traps the

grains undergo partial rheomorphic fusion, becoming altered into a glass-like,

amorphous material. In this, apparently there is simultaneous fusion of the

@layey materials in the sandstones and aleurolytes oontalning quartz fra_aents.

It should be mentioned that the mall (less than 0.I m) quartz grains in

hornfels are encountered rather rarely. Those individual grains or their aggre-

gates, which are preserved in the _etmsorphosed reeks, appear varied to the

unaided eye. This i8 apparently explained by the fact that the _aller grains

of quartz cannot exist in hornfels as relict mineral phases reacting with the

_rrounding carbonate-clay substances in the process of metamorphism.

In the most common instance the aggregates of quartz grains form

lens-shaped isolations arranged in conformance with the banding of the bornfels

and are concentrated into chains. The diaension of the lens is up to I cm in

length and 1-3 m in width. Seaetiaes one finds larger sections of irregular

or lens-shaped forms with dimensions up to 3-_ cm. Ordinarily, quartz in such

isolations has a granoblast=dentate structure, although now and then fragmented

forms of the grain are clearly preserved. Ln associations with _artz, we find

wollastonite, diopside, plagioclase, phlogopite, sanidine, andalusite and

others. Sometiues relict calcite is observed together with wollastonite and

quartz; it serves as the cementing aaterial for the terrigeous fraction in the

non-_ete_rphosed rooks.

Tridyuite in hornfsl8 is found very rarely in the form of a thin, scaly

fringe on the fra_entary grains of quartz or in independent microcrystallic

aggregates in associations with wollastonite. Tridymite is easily distinguished

by its optical properties -- low double refraction and its indexes of refraction:

Ng --I._75 + 0.003: Np - i._71 + 0.003; Ng - Np - 0.004. The mineral has a

straight extinction in tabular grains and negative elongation. The dimension
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of individual scale-platelets of tri_ywite is not great and never exceeds a few

hundredths of a millimeter. In the platelets one can sonetines observe circu-

lar inclusions of wollastonite. In general, laminated crystals of tridymite

are found rather infrequently: more often the niheral forms growths of fine,

coarsely isometric and irregular grains with sinuous outlines.

Andalusite -- Al_i05. The mineral i8 found very rarely in associations

with quartz, basic plagioclase and phlogopyte in mottled nicro-grained hernfels

consisti_ of sanidine, phlogopyte, plagioclase, and pyrrhotite. The presence

of andalusite in these rocks by no hearts testifies to the existence of lower

temperature than those which occur under conditions of a sanidinite facies of

metamorph_1, because here, apparently it is a relict, netastable mineral

phase (cf. below).

Andalusite forms very small needle-like or coarsely prismatic elongated

crystals whose long dimension is not over 0.I wa. Characteristic of the latter

are s_s, not infrequently "laced" boundaries. The mineral is colorless or

has a weak pleochroism from colorless (Ng) to rose colored (Np). Characteris-

tic is an intersecting perfect cleavage in two directions, the plane of opti-

cal axes is perpendicular [010], axis of Np coincides with [0013. Elongation

is negative, straight extinction, angle 2V = - 79e r < v. Indexes of refrac-
O

tion: Hg - 1.6A_ + 0.003, _p = 1.63_ + 0.003, Ng - h_ - .010-.011.

Orientation of optical indicatrix of andalusite with respect to the cleav-

age pole (Ii0) after determination on the Fedorov universal stage was as

follows:

cleavage with respect to (ii0)

= h.5°

;9 = 90°

The mineral is not stable in the process of subsequent hydrothermal action

and is replaced by thin-scaly sericite.



- CaSIO 3. Wollastonite is found chiefly in diopside-_lla-

stonite, diopside-wo!lastonit_.plagioclase, and plagioclase-_llastonite horn-

fels. Sometimes it forms thin, almost monomineral -- _llastenite intercala-

tions in the above indicated rocks in thicknesses from I to 3 ram.

The mineral forms tabular, well formed crystals i to 2 mm long, elongated

to the second crystallographic axis, or aggregates of several grains. In solid

masses we find coarsely tabularo irregular and isometric grains of smaller di-

mensions.

Color white, yellowiab_ Glassy luster, hardness _ - 5, Specific gravity

2.8- 2.9.

The mineral has perfect cleavage along (i00) and good cleavage along (001).

Twins, usually straight along (IO0), are encountered rather rarely.

The optical characteristic of wollastonite fro_ hornfels is similar to that

of wollastonite described in the previous chapter. The roentgenogram of this

wollastonite is almost completely identical to that given in Table 7. There

is some difference only in the indexes of refraction of the mineral: Ng =

1.632 + 0,003: Np 1,620 + 0.003: Ng - Np 0,012: 2V = -39 °= = ,, r_ V. _ asso-

ciations with pyroxene in which there is about 60% hedenhergite, the wolla-

stonite has the follo_ing indexes of refraction: Ng = 1.639 + 0.003: Np =

1.626 + 0.OO3: Ng - _p = O.013: 2V = -39°. r> v. The somewhat higher indexes

of refraction in this case are apparently explained by the entry into _lla-

stonite of a small anount of ferresilicate.

In micrograined hornfels with pyroxene and plagioclase wollastonite is

more or less uniformly scattered through the rock, having a microgranoblastic

structure. In some, essentially diopsidal, hornfels wollastonite forms sepa-

rate, well-defined tabular grains having larger dimensions than the basic

diopsidal, granoblastic mass (Fig. 15). These grains can be regarded as por-

ph_roblasts. Along with this, wollastenite forms small growths of grains



appearing like eircular isolations or spots, which causes the glomeroporpbyritic

structure of the rock. These spots are sometimes extended in shape and are con-

fined to definite horizons in the hernfels that are oriented according to the

J

-_. . , , ,_* ."., .. _ . .. : _. _,_., _r _ _ " 4_:_.__¢- _,,v'_ ....

Fig. 16. I_lations of wollastonite (white) in pyroxene-plagioclase

hornfels. On the left the section is essentially sanidinite

rock (gray). Polished lump of ore. Natural size.

In hornfels the _llastonite associates with pyroxenes of the diopside-

hedenberg series, plagioclase of variable composition, pyrrhotite and magne-

tire. Sometimes, it is found with large, corroded grains of quartz and
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calcite (this association, no doubt, is unstable in the conditions of the facies

under consideration and is preserved only in consequence of the fact that the

metamorphic reaction is not complete enough (cf. below).

Pyroxenes of the diopside-hed_hergite _ sgries -- CaMgSi_6 - CaFeSi_6 .

The mineral of this series is the most coaRon constituent of hornfels rocks.

Diopside and hedenbergite mix together in all proportions, forming virtually

pure ter___ual members of the isomorphic series, as well as various transitional

forms of sahlite and ferrosahlite compositions.

Well-formed crystals are not encountered at all: ordinarily, one observes

micrograined aggregates formed together with certain other minerals in rocks

of granoblastic structure (cf. Fig. 15). The size of the pyroxene grains does

not exceed 0,I - 0.4 ram. The color changes from gray or white (for diopside

varieties) to dark green and black. Glassy luster, hardness 5-6. Brittle.

Perfect cleavage along prlma (II0) is characteristic. Twins rare and are en-

countered only in comparatively large grains.

The first pinacoid usually serves as the twinning composition face.

The optical constants for diopside are the following, Indexes of refrac-

tion: Ng - I._5 +0.003" Np = 1.667 + 0.003_ Ng - Np = 0,028; 2V = ,57 °,

r > v; angle cNg -- 38°. Plane of optical axes parallel to plane of second

pinacoid. Optical properties of hedenbergite are: Ng = 1.750 + 0.003| Np =

1.723+0.003; Ng - _ = 0.027| 2V = +63 ° , r> v: angle cNg = _6°. These data

indicate that the content of diopside in hedenbergite [9, page _O7_ is not in

excess of 5 - 8%.

The orientation of the optical indicatrix of hedenbergite with respect to

the cleavage pole after determination on the Fedorov stage is as follows:

Cleavage along (110)
perfect

Cleavage along (010)

Nm -- 44 ° Nm = 0 _
Np=61 ° Np=90 o
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Sahlite and ferrosahlite pyroxanes have intermediate optical properties between

the two extremes of the series described. The interplanar distances of diopside

and hedenbergite are given in Table 12.

The pyroxenes are usually found in associations with plagioclases of vari-

able compositi_, wollastonite, quartz, and pyrrhotite. Diopside sometimes

associates with phlogpyte and sanidinite and is never found together with pyrrho-

tite. Magnetite is not infrequently encountered together with sahlite varieties.

In the akarn stage and in the process of hydro thermal activity the pyroxenes

are partially or completely displaced by magnetic ore, hornblende, prehnite,

chlorite, and others.

Table 12

Results of Roentge_structural Analysis of Pyroxene*

Di°u side-!'_H.edenber_ite_ _ Di0p side |H.ed_be_ite

t)
I0
3
I
2

.10
I
3

:2
5
3

-3
4-
4
4

d

4.15 I
3.38
3.25 5
3,0I lO
2.91 3
2,79 4
2,58 8
2,54 8
2,39 I
2,32 2
2,22 2
2,12 3
_,054 3 --
_,024 2
,845 1
,760 2

,733 I I. 736

4,20

3,26
3.03
2.94
2,71
2,58
2,54
2,47
2,32
2.23
2,15
2,050

2,020 _
1.819
1,758

1
I0
2
2
5
4
8
7
6
6
3
4
5

I0
6
5

d_

n I

1.681
1,606
1,560
1.530
1,494
1.412
1,334
1.286
1,265
1,252

1 217
1,176
1,150
1 074
1,052
1,042

• d
h_

n

2 1,686
7 1,639
2 1,579
I 1",532
1 1.502

2 1.419
5 1,320
9 1.286
4 I,_964
4 1,267

I 1. 158

........_aO_ _Dditions: Cu - an_cathode: _ = l.5_'/ kX;

I - I0 mA; U - 35 kY. Radiation filtered. Survey made
on diffractometer URS-50i. Intensity according to the
ten-point scale

* Roentgenostructural analysis performed in

the laboratory of Roentgenostructural analysis IG
and G SO AN SSSR.
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Phlo_o_i_ -- _3S_OIo (F, OH)2. This _ineral is encounteredin in-

dividual,rather small flakes or flaky aggregates in associations with sani-

dinite, diopside, plagioclase, and others. The dimension of individual flakes

rarely attains O.5 - O.7 mm and more often it is O.Ol - O.I ram. The color

is reddish brown to red. Glassy luster, perfect cleavage along (001) is charac-

teristic.

The _tle axial plane is _.u_O1elto (010). Optlcally,slimily blaxlal.

Index of refraction: Ng = Nm =1.593 +_0.003: Np = 1.557 +_0.003: Ng - Np =

O. 036. Seine varieties have the following indexes of refraction: Ng = i. 602

+_0.003: Np --1.56_ + 0.003: Ng - Np = 0.038. This is probably explained by

a certain isomorphic admixture of iron in the phlogopite. The Debayegram I) of

Anakit phlogopite is absolutely identical with the standard phlogopite cited

in the manual by V. I. _kkheyev [31, page _6].

We have already indicated that phlogopites containing hornfels are usually

characterized by a mottled texture (Fig. 17). The boundaries of such spots are

rather clearly expressed. The mottled texture is due to the large concentra-

tion of ph!ogopite in individual portions of the rock, whereas in concentrated

sections of the mineral there is considerably less. The amount of phlogopite

in such spots can be as m-ch as 50% of the total. The dimensions of the spots

are varied and can be measured in meters (in cross section). They are circu-

lar, lens-shaped, or irregular in outline and extended according to the stria-

tions in the hornfels.

The mineral is quite stable, but under some circumstances it is replaced

intensively by a yellow-green chlorite.

The _la_ioclases. NaAISi308 - CaAl_i208 series. Among the hornfels the

comppsition of the plagioclases is quite varied. Found as the basic

I) Roentgenostructural analysis performed in the laboratory of Roentgeno-
structural analysis IG and G SO AN SSSR.
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Fig. 17.
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Isolation of phlogopite (dark) in sanidine-plagioclase-

dicpside hornfels. Prenitization is clearly manifested

(white spots). Polished piece of ore. Natural size.

representatives of this series are anorthite, as well as the ,,,edian representa-

tires -- andesiue-labradorite. Plagioclase is one of the most _ distributed

mineral componeuts of hornfels. Usually fores very mall, circular or irregu-

lar grains with sinuous edges, which form a microgranoblastic structure. Some-

times encountered are small, coarsely tabular grains. Polysynthetic twinning

is a characteristic of the minera!. P!agioclase has a distinctly expressed

high temperature characteristic which is demonstrated by projecting the poles

of the twinned composition plane on the diagram of crystallographic feldspar

directions referred to the optical indicatrix axes. It appears that the pre-

ponderant nass of the composition plane poles drops in the vicinity of the high

temperature curves according to Zavaritskly, Sobolev, and others [143 or Van

der Kaaden _9_3.

The mineral is colored white or pale yellow. Glassy luster, Cleavage is

good in two directions: along (001) and (010). Grains not over I - 1.5_ in

size.



In the hornfels rooks plsgioclase associates mainly with pyroxene, wella-

stonite, quartz, and phlogopite. It is rarely found with sanidinite, andalusite,

pyrrhotite, and others. Characteristically, in association with wol!astonite

and andalusite plagioclase is represented, for the most part, by the basic vari-

eties, although in some instances med_o-plagioolase is found together with

wellastonite. In phlogopite-sanlddmite rocks the plagioclase is represented

by andesine-labradiorite No 45 - 55, but here we also find the richer anortite

varieties.

Texturally, plagioolase hornfels are characterized by a clearly expressed

striation, and massive textures are rarely observed. The texture is emphasized,

in places, by a vaguely expressed micro-striated structure of plagioclase-diop-

side, plagioclase-diopside-phlogopite-sanidinite and other types of hornfels.

-- (K, Na) AISi_8 . The mineral forms irregular or tablet-shaped

grains along (O10), the dimensions of which vary greatly -- from fractions of

a mill_meter to _ - 5 ram. The mineral is colorless or white: may be pale yellow

or light brown. Luster glassy to dull. Hardness 6. Perfect cleavage along

and (010). sp,ciflc 2.55.

The optica axial plane of sanidine and the Ng axis are perpendicular to

(010). The Np axis forms with the third pinacoid pland an angle of 7 - 8°.

Optical sign negative. Small optical axis angle, less than _O°, r > v. In-

dexes of refraction: Ng = 1.525 +0.003_ Np = 1.5.9 +_0.003_ Ng - Np = 0.006.

Not infrequent one finds simple twinning accordlng to the Carlsbad law. In-

terplanar distances of sanidine are given in Table 13. The mineral contains

insignificant amounts of sodium -- this is confirmed by spectroscopic analy-

sisI)"

Sanidine is umlally found with phlogopite, diopside, plagioclase, and

other minerals. In rocks it often forms large pophyroblasts of rather uniform

I) Roentgenostructural analysis made in the roentgenostructural analysis

laboratory of IG and G SO AN SSSR.



Table 13

Results of Roentgenostructural Analysis of Sanidine*

n

I

! I- ]

2 4,82 1
3 4,29 1

0.5 4,O3 I
6 3,86 6
1 3.69 6
3 3,52 I
9 3,34 I

I0 3,28 2
9 3.03 3
5 2.96

Photo conditions-

2.87
2.79
2,7i
2,61
2.56
2.41
2,34
2,18
2,15

. ,. --

d
-- a

2.08 1
2,03 1
1.983 2
1,937 3
1.855 5
1.810 4
1,777 2
1.726 2
1,676
1,635

L _

d
--g

II

1.596
1 ,,_73
1.538
1.510
1,454
1,434
1,416
1,373

Cu --anticathode; k = 1.537 kX;

I = I0 _A. U = 35 kV. Radiation filtered. Survey

made on diffraetometer URS-5Oi. Intensity according

to the ten-point scale.

* Roentgenostructural analysis performed in the

laboratory of Roentgeno_ruetural analysis IG and G

SO AN SSSR.

erystallograpb4e profile with numerous inclusions of rounded grains of diopside

and phlo_pite (Fig. 18). Also fores solid grannlar masses with up to 80-9_

of sanidine (volume percent), These areas enriched with sanidine form bands,

lenses or irregular isolations in h0rnfels. In rocks sanidine is quite stable;

it is usually water transparent. In the process of subsequent changes it may

be replaced by prehnite.

Apart from the silicate linerals, as we have already mentioned,

and _ are found in hernfels. The pyrrhotite is similar in properties

to the mineral described in the chapter dealing with the me_z'phism of marls.

It is represented in_ modifications, hexagonal and monoclinal. The _ineral

fores a shallow iipregnation or small lenses (5 x 2 _) which are oriented along

the striations in the hornfels. The magnetite also forms shallow impregnations

of cubical or oetahedral crystals, mainly in the pyroxene-eontaining hernfels,

Both these minerals are replaced in separated parts of the rock with hematite

and ferric hydroxide.
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_Metamorphism of Pyrox-_e-Hornfels Facies_

Metamorphism of Marls

As we previously indicated, the contact metamorphic complex of marbles and

hornfels of sanidinite facies was formed in the immediate vicinity of an incur-

rent canal of a trappean intrusion: testimony of this comes from the data on

the internal structure of the Anakit massif and the discovery of spurrite-mer.

winite-melilite marbles and hornfels rocks with intersecting, dike-type apoph-

yses of the massif.

/+

!"

?

+

Fig. 18. Crystals of sani_dine (light . S) in P!agioclase-dlopside.
phlogopite hornfels. Nicoli crossed. Mag. 32.

Somewhat farther away from the incurrent canal, in contact with the stratum

portion of the Anakit massif, there is formed a mineral association which points

to the lower temperatures of the contact metamorphism, and corresponding in its

composition to pyroxene hornfels facies _5, 56]. This mineral association is

represented by the forsterite marbles containing as admixtures diopside, _mlla-

stonite, phlogopyte and others. The most typical manifestations of this asso-

ciations am_ found on the left bank of the Lower Tunguska River on the strike

of the horizon of Silurian dolomitic marls which, under the action of the

higher temperature metamorphism, are converted into the previously described
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nonticellite-nel_ite narbles. The distance between these two _cLneral associa-

tions, which are disposed within the same western contact zone of the Anakit

massif but on differing banks of the Lower Tunguska River, is about 500 - 700

meters (el. Fig. l). Linearly associating with the forsterite calciphyres are

the banded hornfels consisting of diopside, plagioclase, wollastonite and

grossular, with a sparse adnixt_re of relict (fra_aented) quartz, calcite, and

others. It i8 here that we find virtually pure layers of calcite marbles.

The zone of eontaet metamorphism in the left bank portion of the Anakit

massif is froa 3 to 5 aeters thick. The main part of the contact is concealed

under the present day deposits, hence the study of the exocontact caleiphyres,

hornfels, and marbles called for a certain amount of prospect holes and ditches.

The basic mass of the bedrock of the exocontact is found in the flood plain of

the river. Some outcroppings were found in the vicinity of the nouth of

TreMhosnyy Creek. The eastern contact of the Anakit massif, espe_ the

near contact rocks exposed on the left bank of the Lower Tunguska River is not

interesting from the mineralogical standpoint, because the contact-metamorphic

rocks developed here are represented by various calcite and dolomitic marbles

with thin margins and veins superimposed by serpentinization.

The forsterite marbles are _hite or greenish fine-grained rocks of solid

or striated texture. It forms thin layers and lenses in a stratum of non-

fersterite narbles. The thickness of such layers is not over several tens of

centimeters.

F__ -- Mg2Si04. The mineral forms colorless or light green grains,

ranging in size from fractions of a sillineter to i - 2 m. The grains are

rounded or irregular with imperfect cleavage along (I00) and (010). Glassy

luster, specific gravity 3.2.

The optical axial plane is parallel to (001); axis Ng coincides with CIO0_,

axis of Np coincides with COIO_. Optically positive, 2V - 87 o, R > v. Indexes



of refraotion of forsterite are the following: Ng = 1.670 ± 0.002: _p = 1.6_

+_o.oo2: Ng - = 0.03 .

The mineral is readily disintegrated and is replaced by laminated grains

of serpentine, chlorite, and others. Associating with forsterite are diopside,

which forms mall irregular or rounded grains: in its optical properties it

corresponds to pure veinless members of the diopside-hedenberglte series: 2_ =

+ 58°; Ng =1.693 +_0,003| Np = 1.667 +_0.003; angle eNg = 39°. Found in

quantities are fine flaky, reddish brown pblogopites, wollastonite, and pyrrho-

tires. Wollastonite forms white, fine tabular grains whose dimension is under

I - 2 ==. The amount of wo!lastonite is under 1 or _ (volumetric percent).

Pyrrhotite forms a rare, fine iwpregnation.

The stable forsterite ealcyphyres are encountered relatively rarely. For

the most part, they are subJeoted to the action of subsequent processes and

are re_aoed by serpentine, mqp_etite (magnesioferrite), chlorite, iron hydrox-

ide, and ssoh. In many eases, especially in areas where skarns are developed,

the presence of forsterite in the original rocks can be judged from the relicts

of this mineral and by other symptoms (pseudomorphis_ of serpentine, etc).

Metamorphism of Calcareous and Do!omitic Aleurolytes and Sandstones

In the me_rphisR of various carbonates containing aleurolytes and sand-

stones of the Upper Ordovician (the Dolborskaya series) in the contact zone of

the Anakit massif _ere are formed on the left bank of the Lower Tunguaka River

diopside, diepside-plagieelase, diopside-_Dllastenite, and other hernfels rocks

characterized by a clearly expressed banded texture. On the upper side these

rocks are covered over with metamorphosed marls and limestones of the Koch_m-

deks series (Lower Silurian). the previously described forsterite ealciphyres,

as well as non-forsterite marbles, belong to this period.

The d_opside hornfels are probably the most co_on rocks in the exoeontact



zone on the left bank. They are characterized _ a striated formation and a

granoblastic, irregular grained structure. Standing out are striations and

lenses 3 to 5 _ wide made up of relatively larger grained aggregates of grains

(0.I - 0.5 in in cross section) among the micrograined basic mass. The horn-

fels of this type are usually mono-minoral rocks and contain almost pure

dlops_de wlth a-_ull amount of hedenBer_-Ite molecules (2-15%). Enoount4M

in the form of an admixture are corroded, relicts of quartz and, rarely, pla-

gioclase.

In the diopside-plagioelase hornfels which form the thin l_ers among the

diopside hornfels, one finds scattered grains of grossular which appear like a

porphyroblast (dimensions up to 2 sm in cross section), or, together with diop-

side and plagioclase, they make up the microgranoblast basic rock tissue.

Grossular grains are rounded or irregular, color yellow-brovn, glassy luster,

specific gravity 3,5, index of refraction N = I.739 - 1.742. Isotropic in

thin section, and weakly polarized at the edges. Ordinarily in those sections

where grossular is c_only developed we find in increased amounts plagioclase

with the following basic composition bytewnite and anorthite. Flagioclase

forms fine isometric or irregular, polysynthetic twinned grains with albite-

karlsbad or karlsbad twlmxing usually: the twinned streaks are relatively wide

(in grains they are up to I roD). Here and there we encounter relict, re-crys-

tallized calcite.

Hornfels _ange greatly and are s_bJeet to skarning processes and l_'dro-

thermal action. In the direct contacts with the massif, they are often com-

pletely replaced by garnet-andradite or andradite-grossular, diopside-heden-

bergite, magnetite (magnesio-ferrite), chlorite, epidotite, actinolite, and

others.

Metamorphism of Limestones

In the metamorphism of pure limestones of the Kochumdeks series there
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are forned in the contacts of the massif various colored fine- to mediun-

grained narbles. Their color varies from white, bluish or greenish to gray-

brown, sometimes with a wine-red tinge due to the presence of mineral admix-

tures of chlorite, iron hydroxides, etc. Occasionally, one finds in the

marbles d_lemite, mall flaky phlogopite, graphite, pyrrotite, wollastonite.

Marbles have very irregular-shaped grains and are strea_. Occasionally

one finds coarse.grained varieties. The structure is usually grazoblastie,

not infrequently with clear s_tons of cataelasm. The latter peculiarity is

host clearly harvested in the vicinity of the immediate contact of narbles

and traps where sections of granulation and brecciation and the like are cozmon.

Textural and Structural PecullarAties of

C_ntact-Meta_rphic Rocks

The co_osition and distribution of metamorphic winerals in exoeontact

rocks are axplained fully by _ primary distribution of substances and composi-

tion of original carbonate-silieeous-argilaceous fractions in the non-metanor-

phosed original sediuentary rocks. The re-distribution of substances in meta-

morphism, apparently, is brought about only in micro-volumes at distances not

over several millimeters. This is demonstrated by the following: by the in-

heritance of streakiness in marls, sandstones and aleurolytes_ the inheritance

of external contours of silicilite (quartz - chalcido_y - carbonate) concretions

and carbonate-clayey isolations, bands, nodules, etc., which are a constituent

part of the marls eonTerted into a eonplex of varied silicates of ealcium_ by

the inheritance with respect to the distribution and composition of substances

before and after metamorphim, etc. Associations of high temperature minerals

studied like the larnite-merwinite-spurrite subfacies in the contact zones of

the massif were formed as a result of a series of successive reactions, chiefly

in the hard phases, with components of clay, free silica t calcite, and dolomite

3 /_



(stages of progressive netamorphin). Special emphasis should be placed on +..he

faet that the co_position and structure of meta_orphogenic calcium silicate

isolations from exocontact marbles is determined by the original composition

and distribution of components in the original sedimentary rocks (the addition

of substances from the intrusion in the magmatic stage is virtually absent).

(Fig. 19). The previoualy described zonality in the structure of calcium sili-

cate isolati_s, whieh is expressed by the enrichment of their central parts

with melilite and nel-winlte, was caused by a concentration of clayey (kaolin -

hydromiea clays) particles and doloxite (up to 10%) in the internal portions

of the carbonate-clayey layers and nodules of marls, while the edge portions

are essentially calcitic in composition and probably contain a certain admix-

ture of thinly-dispersed free silica in the form of chalcedony or opal recrys-

tallized into quartz; spurrlte is formed in these sections in metamorphism.

Zenality of another type, recorded around metasorphozed silicious concretions

and forming horizons in the limestones of the Kochumdeks series, is also due

to the primary distribution of components in sedimentary rock.

Fig. 19.

..r-

Nod_led and veined merwlnite-melilite-spurrite isolation

in marble (light gray). Polished rock. Natural size.
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Silicilite concretions in netamorphism are replaced by micro-grained

aggregates of wollastonite (similar to the displacement of concretions in con-

tacts with dolerites in Scot Hill E88_). In this instance there appear wolla-

stonite pseudomorphs of concretions with components preserving their internal

contours. The silicious material is, in some instances, not completely re-

placed by _llastonite| it is conver_d into a thinly crystallic tridymite ag-

gregate. With zonality ef the seeond type, the free silica is often concen-

trated, during the process ef sed_ntation, inside the clay-carbonate isola-

tions of marls, for_ chalcedo_ concretions: it is replaced in the metamor-

phil of wollastonite. Spurrite rims about wollastonite "nuclei" are formed

during the reaction of calcite with silica (both of free and clay ,Linerals):

characteristically, the carbonate material around the lithogenic silicilite

concretion always contains increased anounts of thinly dispersed quartz (or

even chalcedo_)o orepared with sections sore removed from concretions, although

the boundaries of the concretions, just like the boundaries of the wollaston-

ire "nucleus" which incloses it. always remain sufficiently sharp. The mer-

winite-melilite external fringes around the spurrite rims are formed in the

replacement of clay-calcite-dolomite materials which encase those isolations

in marls containing within thin silicilate concretions.

The banded texture of hornfels is also a splendid illustration of the

inheritance of strueture of the original Ordovician sandstones, aleurolites

and argillites. The thin, oftentines rhyt_e, alternation of layers of horn-

fels rocks, the analysis of mineral associations pointing to the inheritance

of a chemical composition of the original rocks, and finally, the direct

transition of streaky hornfels into non-metamorphosed, layered rocks of the

Dolborsk series -- all these things indicate there was metamorphi_ without

a considerable re-distribution of substances in rocks of the contact zones

of the Anakit massif.



The peculiarities in the formation of metamorphic rocks was established

both on the basis of a study of the original deposits outside the contact aure-

ole of the intrusion and on contact-transfromed rocks associated with the first

mtual transitions.

Spurrite-merwlx_te and monticellite-melilite marbles are the highest

temperat_rQ prodaets of a series of progressive me_rphic conversions of

mineral phases. Tilleyite is formed in the regressive lowering of the tem-

perature from the spurrite in a union with C02. The appearance of a tilleyite

reaction rim around the wollastonite pseudomorphosis between the wollastonite

"nucleus" and the spurrite fringe (this was previously m_tioned) is explained

by the increased micro-jolnting of this zone which formed the conditions for

the free penetration thither of 002 . This also explains the formation here

of garnet and cuspidine rims (of. Fig. I0) which are formed somewhat later.

Sometimes the abse_ee of rims of tilleyite, cuspidine and garnet, which usually

appear together, can be tied in with the poor penetrance of gases and _ydro-

thems of a given region if it is without a system of well developed micro-

jointing.

B. Metasomatic Stage

During the metasomatic stage of contact action (on the enveloping trap-

pean massif rock) garnet-pyroxene skarns and magnetite (ferro-magnetite) ores

are formed. In this stage we have the formation of euspidinel this, however,

is preceded by the skarns and the very unusual metasomatic diopside-serpen-

fine rocks which develop as veins in the carbonate-containing Ordovician rocks.

Metasonatic rocks are superimposed on the hornfels and contact metamor-

phic marbles, forming veined or lens=shaped bodies or i_pregnations of meta-

somatic minerals. Cuspidine is dimensionally confined to those contacts of



the Anakit massif wh-re we find developed marbles containing spurrite, merwlnite

and other minerals. Garnet-pyroxene skarns form _0-50 ca veins on both sides

of the asymaetric apopbysis of the massif (of. Fig. _), or they form lenses

cutting through the veins and veinlets which coincide positionally with the

same marbles. Moreover. garnets also form metasomatic impregnations in marble

both the right and left bank contact zones of the massif.

Diepside-serpentine veins are found along Vostoohr_y Creek 10 meters from

the contact with the traps. The bodies of iron metasomatic ores correspond

to those in the southern contact of the Anakit intrusion.

Cuspidine

This mineral forms a scattered impregnation in the spurrite-merwinite

marbles. The thickness of the contact zones in which it is encountered is

i0 - 15 meters.

The composition of cuspidine is - Ca_Si_(F. OH) 2. It crystallizes into

monoclinio systems. Forms _ (1-3 mm in cross section) or fine (0.01-I ram)

irregular or rounded grains which, for the most part, replace the previously

formed silicates of calcium: spurrite, ti!leyite, and others. In some in-

stances, as we have already indicated, euspidine forms thin metasomatic pro-

Jections around the wollastonite pseudomorphoses according to the silicilate

concretions (of. Figs. I0, II). In these cases cuspidine is represented in the

form of irregular grains under 2 mm in size.

Color white, glassy luster, hardness 5, specific gravity 2.9, perfect

cleavage along (001), plane of visual axes parallel to (010), axis Nm coin-

cides with EOI03, angle e.Ng= 6°. Mineral bi-axial, positive, 2V = 68°, r > v.

Index of refraction of mineral is as follows: Ng = 1.606 + 0.003: Np = 1.594

+_0.003; Ng - Np = 0.012. Twlnulng is not very characteristic of the mineral.

Simple twinning: edge and axial twinning: plane of intergrowth (001).
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The orientation of the optical indicatrix with respect to the pole of

cleavage (001) and the twinning axis, after measurement on the universal Fedo-

roy stage, was as follows:

Cleavage along (001),

twinning plane of intergrowth,
t_ axis (in the case of

the face law)

N_=84 _

A'm =9(F :¸

Np=6 _

The interplanar distances of cuspidine determined roentgenoscopically are

given in Table 14.

In rocks cuspidine is formed after the metamorphic silicates of calcium,

replacing them. In the microphotograph given (of. Fig. Ii) it is clearly evi-

dent that tilleyite is replaced by cuspidine, forming a concentric fringe

around the wollastonite "_cleus". In other cases, when replacing the earlier

minerals there are preserved in cuspidine relict inclusions of slm,rrite, mer-

winite and others. In later preoesses cuspidine is usually replaced completely

or partially with garnet, partially by clear andradite, as _II as by aqueous

silicates of calcium, e.g., hillebr_ndite.

Skarn_____!s

Very characteristic and splendidly expressed :etasomatic garnet, garnet-

pyroxene and pyroxene veins and lenses, in part clearly intersecting, partly

concordant with the deposit which includes metamorphic rocks, are fommed in the

western part of the block of Silurian-Ordovician rocks in contact with the

asymmetric apophysis of the Anakit massif (of. Fig. 4). The thickness of the

veins and lenses is under 50 cm. They frequently have distinct zonal struc-

ture and dark brown greenish coloration. The texture is banded, less often

solid. The structure is uniformly grained, medium or fine grained. Garnet

is the main mineral of skarns. Ordinarily it is represented by a gros_/l_hx _e

andradite variable composition, but almost clear andradite varieties of garnet
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are also encountered.

Table 14 Tb_ mineral is observed in compact, mixed

Re smlts of Roentgeno struc-

tural Analysis of Cuspi-
dine*

J ,L .... ,,

masses or forms impregnations of well-r_unded

small crystals (3-_ mm in cross section) of

r_: ..... :::. _;" 6

10
6
2
2
3
3
2
4
5
4

n

3,328
3,210
2,083
2,895
2,805
2,734
2,568
2,493
2,357
2,323
2,098
2,020

I
ar

1,992
] ,924
1,889
1,842

" 1,735
1,576
1,541
1,461
1,215
1,152
1,111
1,048

rhombo-decahedrieal appearance or aggregates

of such crystals. The pre_ting coloration

of garnets is brownish to yellow brown. An-

dradite is ordinarily colored dark brown.

The mineral has a glassy lust@r, hardness

7, separation rarely occurs along (II0). Spe-

cific gravity varie s from 4.0 (andradite) to

3.8 (grossular-andradite). The mineral is

Photo conditions: Co -

anticathode; D = 57.3 _:

= 1.78529 kX; I = 11 mA;

U = 37 kV. Radiat_n
filtered. Correction made

in accordance with combined

graph of KCI and chlorite.
Exposure time 20 hours.

Intensity by the ten-point

scale. , __

* Roentgenostructural
analysis made in the roent-

geno structural analysis
laboratory of the IG and G
SOAN SSSR.

isotropic in most cases, but sometimes (very

rarely) there are anisotropic areas in the edge

portions of isotropic grains. Garnet often

discloses a zonal structure. The indexes of

refraction are as follows: N = I.88 (an-

dradite up to .76-1.79 (grossular-andradite)).

Roentgenostructural studies of andradite gar-

nets confirmed their relationship with the

group of minerals in question: the parameter

a :t, _ ,=a,.aa.-t_s,,,as_ _ ,,2.ono$- z2.o:_ 1.l)

The following adtkxtures of elements were found in the garnets: Ni, Co,

n, Go, Ga, B, they were found to exlst in the _o_t of 0.007 - O.O001_a).

Fyroxene was second greatest in distribution (after garnet) of the minerals

in the skarn. Pyroxene often associates with garnet, but no less frequently it

I) The roentgenostructural research was made in the roentgenostructural

analysis laboratory of the IG and G SO AN SSSR.

2) The analysis was carried out in the spectral analysis room of the IG
and G SO AN SSSR.



forms independent mineral accmmmlationswhich contain virtually no a_s

of garnet. Pyroxene and pyroxene garnet skarns are found mainly in the casings

of garnet me÷_somatie veins. Solid masses of pyroxene are colored yellowish-

brown with varying intensities and shades, dependin_ on the amount of pyroxene.

The more ferrugimous varieties are darker in color. The color in the skarns

is zonally distributed, and this is also governed by chanxes in the co=posltien

of the pyroxene in the various zones. The clearest changes in coloring are

mamifested in the veined metasomatic formations in the marbles. These meta-

somati c _bave a _ricalty-stria_ed struc_re with a rather _crict

orientation of striation parallel to the vein boundaries. The central portions

are darker than the edge portions.

The structure of the pyroxene akarns is medium to fine irregularly grained.

In observations of thin sections, it appears that the skarns are parallel-pris-

matic and sheath-shaped or radially-prismatic in structv_e dne to the orienta-

tion of the primutic and columnar individnal crystals of pyroxene and its

aggregates. The mineral composition is not consistent: the pyroxene of skarns

is an intermediate variety of diopside-hedenbergite series (sah!ites). The

content of hedenbergite changes fro_ 20-25% to 60-65%.

Some of the later products among the skarns are magnetite, serpentine,

chlorite, aetlnolite, epidoteo hematite, quartz, sulphides of copper and iron,

calcite, iron hydroxide and ethers. The veinlets of epidote or actir_lite-

epidote conposition sonetimes occupy the central portion of the metasomatic

skarn lenses or veinlets associating with the hydrothermal calcite, zeolites

and quartz.

Individual isolated spots of garnet or garnet pyroxene skarns and skarned

limestones are found rather far from the contact with the trappean massif.

Such spots or thin veined deposits and lenses with a garnet composition are
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found 200-250 meters and farther from the western contact of the Anakit massif

in the shore outcroppings of Silurian carbonaceous rocks. Along with garnet

one finds here epidote, hematite, chlorite, quartz, chalcopyrite and other

hydrothermal minerals. Diop side- serpentine metasomatic veins, as we have al-

ready indicated, are found in rocky indigenous outcorppings in the valley of

Vostoch_yy Creek, approximately 150 meters fren the point where it falls into

the Lower Tat_uska River. The veins ooour in a deposit of dolonitic marls

with layers of oalcareous dolomite and calcareous aleurolytes I0 meters from

the thick intersecting dike body - the apophyses of the Anakit massif.

The veins are 5 - 15 ca in thickness. They have indistinct, gradual con-

tacts with inclosing rocks and strandout mainly through their darker brownish

color. The textAxre is compact or indefinitely striated. The structure is fine

grained and the grains are not uniform.

serpentine, calcite.

Composition: pyroxene (diopside),

Table 15

Chemical Co,_sition of Diopside-Serpentine Rock

D_s_k_Serpeatt_
reck uith_adaixture
of calcite

Ill ili 0  .rlSiO_, Ti02 AlaOa Fe__O2 FeO MnO MgO CaO NasO Ka 0 H_O

II.!II117.110.05 0.q82,680.980,2419,4720. 0.08 -- 8, 5 lO0,O&

Pyroxene is the main mineral component of the rook, making up 80 - 100%

of its total vollme. It forms small grains in aggregates of xenonorphio-

granular structure or larger (up to 3 nm) idiomorphie, well hounded prismatic

crystals associating with fibrous serpentine. In its properties diopside is

similar to diopside of the skarnst its Debayegram is practically identical

with that of standard diopside C31_ ). The chemical composition of diopside-

sese_rpentinerocks is given in Table 15. The sample described, apparently, is

I) The roentgenostructural analysis was made in the roentgerk)struetural

analysis laboratory of the IG and G SO AN SSSR.
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formed in the selective displacelent of thin dol_aitic horizons of sedimentary

strata.

Iron Miner_izati_n

Iron mineralization is the Anakit River region has been known since 1931

when the L. M. Shorokhov expedition established three cutcroppings of magnetic

ores along the shore exposures of the Lowsr Tunguska River several kilometers

above the nouth of the Anakit River.

The bodies of magnetic ores exposed on the surface in this area are spa-

tially confined to the seurthern contact of the Anakit trappean massif (left

bank of the Lower Tunguska).

The mineralization is localized in contact with the traps among the en-

closing netamorphosed and skarned limestones and dolonitic marls, limestones,

aleurolites and sandstones of the Silurian and Ordovician Periods. The ore

bodies are disposed parallelly to the contact and are vein-like in appearance:

_ey are not over 2 meters in thickness.

The zone of contact metamorphim in the points of localization of ore

bodies encompasses the exocontact zone that is 3 to 5 meters wide. The en-

closing rocks are the forsterite calciphyres, hornfels, and marbles. The

skarning in places of ferro-_ineralization is not very significant, consisting

of thin lenses, patches and scattered mineralizations of garnet. Garnet-brown

andradite (index of refraction 1.88) is found as single grains or aggregates

of fine weakly zonal grains. The size of individual crystals of the mineral

(and grains) is under a tenth of a millimeter.

Soon after the formation of garnet, there is formed a magnetite (magnesio-

ferriting) mineralization of iron. The general spatial confinement of ore

bodies to the contact of traps with the carbonate rocks, the presence of tex-

tures and structures pointing to the process of replacement leads us to conclude



that it is a contact-metasomatic method of ore formation. The ores are patchy

with sections of _assive texture. The patchy texture is formed by the replace-

_ent of magnetite of carbonate minerals and _ grains of forsterite in for-

sterite marbles. Large grains of forsterite are preserved, in the replacement

process, and somewhat later, during serpentinization, they are converted inte

a lamellifora aggregate of serpentinite. The Rasslve ores appear on the re-

placement of nen-forsterite marbles and hornfels. Impregnated ores are charac-

teristic of marginal portions of ore bodies and are spatially associated with

the veined, lens-shaped magnetite isolations. The frequently observed textural

non-uniformity of ores is probably related to the displacement by magnetite of

the tectonically deformed and disintegrated rocks.

This conclusion is supported by the presence of pre-ore zones of disinte-

gration beyond t he limits of the ore bodies and by the cementation of the ore

mass of fral_lats of enclesing hornfels with the formation of breeciafor_ tex-

t_lres.

In massive and patchy ores there are dispersed, irregularly grained struc-

tures. The mineral grains vary in size from hundredth of a millimeter to 2

or more. Morphologically the magnetite is usually seen as irregular isometric

grains, forming aggregates of xe_m0rphic granular structure. Hypidiomorphic

granular structures are lees frequently observed. The impregnated grains are

idiomorphic in appearanee. Miczozenality is net characteristic of magnetite:

in all the samples studied its grains were characterized by uniformity. On the

boundary with the rounded grains of the r_n-replaced (relict) forsterite the

magnetite is usually microgranular, intruding here and there into the peri-

pheral portions of its grains through very fine cracks. Among ores which meta-

somatically replaced the carbonate rocks we find in places micrograined (in-

cluding cryptocrystalline) aggregates of magnetite with indefinitely expressed

collofera structure.
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Iron mineralization took place during one stage of mineralization because

only one generation of magnetite is generally present. This circumstance was

clearly demonstrated in field investigations and was ultimately cenfiraed in a

microscopic study of slides and polished sections.

It is obvious from Table 16 that, insofar as the chemieal coHposition is

concerned, the mineral is a magnesioferrite. This conclusion is cm_vinelngly

sQpported by the results of a roemtgemostructural analysis of magnesioferrite

powders calcined at 800-850°C. As a result of the calcination the mineral

breaks down into tw_ phases: magnesloferrite and hematitite which makes it

possible to classify it with complete unambiguity. The first such stu_ of

the Anakit magnomagnetite was carried out by N.

[_] _ _-_ by u2 ).

V. Parley and M. T. Yanchenko

Table 16

Che_eal Composition of Auaki% g_Lgnesioferrite (percentile weight)

_,_ _ , _,, J,,,_ , J .... ,, ,,, _ _

I s,o'lIF.o.1Fee
, ,, i,, , , m |,

I I I I
--- ! 175,o5] 17,so] 0,ti ]. - 16,25 10,32 } 99,6:,

0,I0 I 1,79 I 68,111 2o.49' 0,88 I 1,00 { 5.30 I 0,26 I |00,4'-)

* Analysis made in the chemical analysis laboratory of IG and

G SO AM SSSR.
** Analysis derived from stu_ [39] by N. V. Parley and M. T.

Yanchenko.

The presence in the chemical analyses (of, Table 16) of Tie2, Mm0 and, in

part, AI_3 is apparently tied in with the isomorphic entry of the given oom-

penents into the makeup of magnesioferrite.

The somewhat increased content of Fe20 3 in analysis 1 is explained by the

admixture of hematite, whereas the admixture of CaD in analysis 2 can he

I) The roentger_structural analysis was carried out in the roentgeno-

structural analysis laboratory of IG and G AN SSSR.



explained by the presence in the analyzed material of an insignificant admixture

of non-metalliferous minerals.

The spectral analysis I) indicates the presence in the mineral of vanadium

and barima in the amounts of 0.003 - 0.007%. All of these elements, like zinc,

whose content according to spectroscopical data is equal to 0.I - 0.3, are

also isomorphic admixtures.

The content of AI203 in the Anakit magnesioferrites varies greatly (el.

Table 16). This circumstance cannot be explained entirely by the presence of

mineral mechanical admixtures: the only alumina-containing mineral in the ores

is serpentine-serpophyte in which the content of AI20 3 is 2.5% (in percentile

weight), but the assumption about the presence in the samples of serpentine

analyzed is contradicted by the insignificant content of SIO 2 (analysis 2).

Thus, a great portion of the alumina goes into the crystallic structure of the

magnesioferrites as an isomorphic admixture as in other magnesioferrite de-

posits of the Siberian platform E2.38_.

The erystallochemical formula of the Anakit magnesioferrite computed in

accordance with analysis data 2 (without Ca0) is as follows:

+_ ÷3 • (Feo,71Mgo.2sT,o,ol) O.(Feo, gsAlo.o4)20_ + "_ + 2 .+ 4

Serpentine is the second most abundant mineral component in the ores. It

varies in amount from 5 to 2_, and in the marginal portions of ore bodies it

is as ranch as 85%. Serpentine develops after the formation of magnesioferrite.

Serpentime develops intensively due to forsterite, oftentime replacing it wholly.

Magnesioferrite is practically net replaceable by serpentine_ in only exception-

al eases do we find thin serpentine veins in the grains of the ore mineral.

Outside the limits of the ore bodies and in contacts _rith traps there is strong

serpentinization of marbles and marmorlzed limestones and dolomites. Replace-

ment of carbonate minerals also occurs in the selvages of serpentine veins

i) The analyses were carried out in the spectral analysis laboratory of

IG and G O0 AN SSSR.
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intersecting the enclosing the carbonate rocks. Diopside hornfels are not

greatly subject to serpentinization.

Serpentine. in turn, is rather actively replaced by very fine-grained, im-

bricated diverse or radiate fibrous aggregate of white chlorite, which forms

powdery or wooly accumulatlons.

Henatite is widely distributed in ores and appears _taneoualy with

magnetite (nagnesio-ferrite). Also encountered in the ores are i_regnati_ns

of apatite, pyrite, and chaloopyrite. The percentile content of sulfides of

copper and iron in the ores is very mall (under 0.5% by volume). Bornite,

cha!cocite, and covellite are developed through chalcopyrite. Among other

pro@Acts of hydrothermal activity deserving notice are ferric epidite, actino-

lite, zeolite, calcite, and others.

A special article by the author is devoted to a more detailed description

of mineralizatior_

C. Post-Skarn Hydrothermal Stage

Minerals formed as a result of hydrothermal activity are formed after the

_nera!s of the metasomatic stage, a fact that is _pported through studies of

structure and texture. The deposits of hydrotheraal products are subjected,

in most cases, to a definite structural control, forming veins, veinlets,

lenses or i_regnations within limits sections. The minerals of this stage

are deposited both in exocontact and endocontact rocks, but the main portion

of b_drotheraal prodncts is formed in the skarned portions of the rock. The

area of distribution of bydrothermal activity is quite large: individual by-

drothernal veins were found in the enclosing rocks at distances of up to 300

meters from the contact of the trappean massif. The intensity of hydrothermal

action varies. The rocks subjected to the greatest hydrothermal processing are

those of the ex_- and endocontacts of the left bank portion of the Anakit
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massif in which the processes of actinolitization, choritization, serpentiniza-

tion and others are most intensively manifested. The processes of actinoliti-

zation are also strongly manifested in erupted rocks, especially in those sec-

tions where we find developed the dolerite-pegmatites and granophyres. Farther

down we offer a brief description of minerals in the hydrothermal stage, par-

tieularly in the sene of execentaets.

Sulphide _thernml minerals are represented by chaleopyrite and pyrite

which are most often encountered in associatiens with iron ores and skarns.

Ordinarily, they form irregular grains in the form of ilpregnations of veined

outcroppings. In aggregates the xenomorphic-granular structures are typical_

in the calcites or calcite-epidotie veins we find rather large (1-5 m in cross

section) idiomorphic grains. In drusy cavities we observed together with the

calcite octahedric grains of chaleopyrite with dimensions of _p to I c_. Py-

rite is also encountered in dru_ voids and in limestones, forming i_rphie

cubic crystals. In those cases, hoover, where the pyrite and chalcopyrite are

encountered together it can be established that the purite is an earlier mineral

and is replaced by chalcopyrlte.

Hematite is virtually not encountered as a product of hydro thermal change

of magnetite (martite). Ordinarily, it is formed almost simultaneously with

magnetite (magnesioferrite) as indicated by the absence of signs of replacement

and corrosion between the minerals as well as by the approximately similar de-

gree of idiomorphis_.

Hydrothermal hematite forms fine-grained or powdery masses of reddish color

in associations with epidote and calcite_ these masses, which are small zoned

(20-30 cm), are distributed in marmorized and skarned limestones, confor_hng

with the over-all strike of enveloping sedimentary strata. Hematite is encoun-

tered in the form of small tablets or radiate-fibrous microscopic aggregates.



Yts amount in rocks of these zones is rather considerable and reaches _0-60%

in volume. Within these zones there are sections that are more or less rich

in hematite, right down to those that are without hematite, consisting of re-

crystallized, hydrothermal calcite.

Hematite is encountered in relatively small amounts in the actinolitized

sections of rocks and in amphibolized gabbro-dolerites in the form of small

scaly aggregates and individnal microscopic platelets.

Qnartz, as we have already mentioned, is present in exocontact rocks in

the form of relict fragmented grains of the terrigenous fraction of sandstones,

etc. With it is hydro thermal quartz, which forms veins, veinlets, pocketed-

streaked isolations or impregnations in various rocksz skarns, hornfels, marbles,

and others. The mineral usually associates with chlorite, calc_e, epidote,

prehrRte, actinolite.

The very uniquely thick horizon of grainy gray quartz is disposed in con-

tact with the tra_peam apop_se on the right bank of the Lower Tunguska River,

not far from the sanidinite-phlogopyte hornfels (cf. Fig. _). This quartz hori-

zon is about 12 meters thick. It occupies the extreme eastern position in the

block of Si!urian°Ordovician metamorphic rocks in the region of the incurrent

canal of the Anakit intrusion.

The horizon is streaky in formation and conforms with the mode of occurrence

of the adjacent striated hornfels. The quartz is fine- to medium-grained and

forms irregular or coarsely prismatic grains. Also encountered are portions

contained grar_blastic structures. Quartz associates with finely squamosed

chlorite which often forms radiate fibrous and spherolitic aggregates and is

rich in many solid, fluid and gaseous inclusions.

The formation of this quartz horizon apparently occurred due to the layer

of quartz sandstones in the Ordovician stratum as a result of intensive



hydrotherual processes which led to the re-deposition of the silicate mineral.

The formation of the quartz occurred within a broad interval of temperatures

from 600 to 150 ° (determined from curves for the visual determination of tem-

peratures of homogenization according to the correlation of phases C13_). The

main mass of the quartz has a high te_perat_u_ characteristic, judging from

the abundance of gaseous envelopments, but its deposition occurred at lower

temperatures also. Also characteristic is the faot that in redepositi_ the

siliceous _bstanoe reacted strongly on the surr_ hornfels rocks; this

is indicated by the replaeenent by the _Irother_al grai_ quartz of the

plagioclase-diopside hornfels, and by signs of corrosion and disintegration.

Calcite as a hydrotheraal mineral is very widely developed and is a pro-

duct of the mobilization and redeposition by hydrothermal solutions of the

soluble substances of _tary carbonaceous rocks. It forms thin sections

of veins in assoelatlons with h_drosilicates of calci_, quartz, hydrothermal

wollastonite, serpentiDe, hematite and other minerals. It is also encountered

in skarns, ores and hornfels, in the form of carbonization sections, or mall

lens-shaped isolations of a coarse grained structure together with sulphides,

chlorite, and epidote.

Encountered as a scarce, scattered impregnation in magnesio ferrite ores

is apatite, which forms short, primatic or long primaatie, white, rose or gray

idionorphic crystals, which are I - 2 m long. The indexes of refraction of

the _ineral are: b -1.6_ • 0.003; Np = 1.632 • 0.003; Nm - Np = 0.00@. It

corresponds to fluor-apatite.

Hillebrandite -- Ca2SiO _ . H20 . The mineral was first found in the Soviet

Union. It forms fibrous aggregates or sparse, thin intersecting veins in spur-

rite-merwinite marbles, or it replaces wollastonite. Very often it forms radiate

fibrous aggregates (Fig. 20), or it is encountered in elongated fibrous grains
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Fig. 20. Radiate aggregates of hillebrandite enveloping calcite and
_llastonite.

up to 3 In in diaensio_ The color is white or light yellow. In solid aggre-

gates the mineral forms porcelainous masses. Specific gravity 2.8 (with a

_-__e of _llastonite).

The optic axial plane coincides with (010), Ng coincides with _001_ (the

mineral crystallizes in a rhombic system (9.97). 2V ---55 °, r < v. The in-

dexes of refraction are Ng = 1.616 +_0.003; Np --1.608 +_ 0.003; Ng - Np =

0.008. Customary are blue anomalous interferential colors. Elongation posi-

tire.

The interplanar distances of hillebrandite are given in Table 17. Spec-

trophotometrical measurements in the infrared region gave a spectrum of ab-

sorption similar to the spectrma of standard hillebrandite. The presence of

hydrogen association in the region of 3,600 ca-I supports the presence of water

entering in the crystallic grid of the mineral I). The mineral associates with

hydro thermal calcite, wollastonite and axinite. Hi!lebrandite is a product of

I) Studies made in the IG and G SO AN SSSR.
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the disintegration of spurrite, tilleyite or wollastonite. In some instances

it completely replaces wollastonite pseudomorphs through silicilite concre-

tions (wollastonite "nuclei"), forming thereby "secondary" pseudomorphisms

which are characterized by a whitish color and dense structure.

In some intersecting veins (1-2 mm thick) in marbles the larnite-

merwinite-spurrite subfacies is found in associations with hydrothermal

calcite mineral similar to hillebrandite but differing from it in its indexes

of refraction, double refraction, and other respects. This mineral forms

parallel fibrous or matted fibrous aggregates, as well as radiate fibrous

and sheaf-like growths. Individual fibres are not over 0.3 mm in size. The

veins of this mineral were also found in non-metamorphosed limestones rather

far from the contact of the Anakit massif (110-150 meters) where it forms

moncmineral streaky accumulations (without admixtures of calcite).

Table 17

Results of Roentgenostruc_ral
Analysis of Hillebrandite _j

Table 18

Results of Roentgenostructu_al
Analysis of Hillebrandite ±}

d d
I -- I --,z

n

3
3
2.

10
1
3
4
4
5
1
1

3,488
3,286
3,229
3,030
2,8Z3
2,720
2.46G
2,284
2,160
2,010
1,966'

1,868 33
1,815 23
1,750
1,680 34
1,651 54
1,620
1,598 67
1,526 15
1,467 21
1,456
1,360 19
1,210 30

23

Conditions exposure: Co - anticathode;

D = 57.3 ram; _ = 1.78529 kX; I = llmA;

U = 37 kV. Radiation filtered. Correc-

tions made according to combined graph

of KC1 and chlorite. Exposure time 19

hours. Intensity according to lO-point

scale.

l_Results were obtained by a _oentgeno-

structural analysis laboratory of IG

and G, S0 AN SSR.
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d!
n

3,42

3,29

2,92_

2,73

2,55

2,38

2,15

2,05

1,983

1,684

d

R

44 1,631

9 1,572

2t 1,535.

48 1,508

36 1,431

17 1,413

13 1,354

19 1.321

I l | .265

onditions exposure: CU - anticathode;
=1.537 kX; I=lO mA; u=35 kV.

Radiation filtered. Exposure made on

URS-50 i diffractometer.

-'Results were obtained by a roentgeno-

structural analysis laboratory of IG

and G, SO AN SSR.



The indexes of refraction of the mineral are: Ng = 1.538 + .003;

Np = 1.528 +_ .003; Ng - Np = .009 - .012. Direct extinction (pryamoye-

ugasaniye) is a characteristic feature. Elongation coincides with Ng, axis

Np is perpendicular to cleavage (perfect cleavage). Specific gravity 2.h.

Possibly the mineral is a gyrolite with the mixture: Ca4(OH)2Si6015.3_O _J.

Sphene is a rather widely distributed mineral, especially in hornfels

rocks in the contact zones of the Anakit massif. It sometimes forms rather

large (up to 1 cm in length) lengthy prismatic crystals; however, _re

frequently it is encountered as irregular or coarsely isommetric grains not

over 2 mm in size. The grains are often sinuous or have circular boundaries.

Color brown or reddish. Ordinarily shows marked pleochroisms from reddish

(Ng) to colorless (Np). The mineral forms scattered impregnations in horn-

fels, associating with hydrothermal quartz, prehnite, epidote and chlorite.

Sphene is found also in erupted rocks: granophyres, dolerite-pegmatites,

and hybrid rocks, together with actinolite, quartz, and others.

Axenite forms flat, wedge-shaped crystals or plate-llke aggregates in

hydrothermal veins together with calcite, hillebrandite, zeolite, and others.

The mineral is white, light gray, or yellowish in color and has a

glassy luster. Hardness 7. Has perfect cleavage along (I00) and imperfect

along (OO1). Specific gravity 3.3; mineral optically negative. 2V = 70 °,

r<v. Indexes of refraction: Ng = 1.685 + 0.003; Np = 1.668 + .003; Ng - Np

= .015 - .018. Wavy extinction is characteristic.

The interplanar distances of axinite are given in Table 18. Hydrothermal

wollastonite has limited distribution forming columnar and tablet formed

grains in association with hellebrandite and calcite.

Actinolite is a rather widely distributed mineral encountered in con-

siderable quantities both in eruptions and in contact-metamorphosed hydrothermal
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changes of rocks. It forms dense masses or together with other minerals it

is found in veins and veinlets, as well as in pockety segregations.

Ordinarily dark green in color. The grains a_e long prismatic, needle-

like, hairlike, as well as radiate, columnar or felt-like accumulations.

The indexes of regraction are variable: Ng = 1.66 - 1.68; Np = 1.64 - 1.66.

(Sometimes we encounter minerals with higher indexes of refraction: Ng =

1.706 + .003; NI_ = 1.682 ÷ .003; Ng - Np = 0.02b,). The angle cNg = lb. - 18 ° ,

2V = - 72°. The varieties with high indexes of refraction are transitional

to ferroactinolite (2V = - 80°) and radiate hornfels. Pleochroism with

blueish-green coloring along Ng and light yellow along Np is characteristic.

In some skarns we find sections which are made up of prismatic grains

of radiate hornfels of the hastingsite variety (Ng = 1.72, Np = 1.70).

Amphiboles of the hydrothermal stage associate with various minerals: epidote,

prehnite, chlorite, hematite, quartz, zeolites, etc. Here and there, along

with them earlier minerals of the skarn stage are found including garnets,

pyroxenes, and magnetite.

Epidote usually forms veins and veinlets or impregnations of fine grains.

Crystals of this metal are columnar in appearance; in aggregates they are

irregular, isometric grains. It is found in small druses with calcite and

sulphides. The mineral associates with quartz, hematite, prehnite, calcite

and sphene.

Color of epidote is green to dark green. Indexes of refraction are:

Ng = 1.771 + .003; Np = 1.737 + .003; Ng - Np = 0.034. 2V = - 72°. Charac-

teristic is a strong pleochroism from yellowish green to colorless. In its

optical properties epidote is close to pistacite. However, there have been

found less ferrous varieties of this mineral: Ng = 1.750 + .003; Np = 1.723

+ .003; Ng - Np = 0.027. Less ferrous varieties of epidote associate with
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quartz, calcite, prehnite, and the like whereas pistacite is found together

with aetinolite among hydrothermally changed pyroxene-garnet skarns.

Well developed in the rocks of the exocontacts is prehnite. This

mineral forms veins or rather extensive sections of prehnitixation. It is

most often found in the hornfels and in erupted rocks, especially in hybrid

shonkinites and dolerite-pegmatites. It replaces the feldspars intensively

forming radiate fibrous aggregates or tabular irregular grains. In veins

prehnite forms Is_elliform aggregates. Color white or yellow. Clear

cleavage along (001). Elongation negative. 2V = + 68°. Indexes of refrac-

tion: Ng = 1.6_5 + .003; Np = 1.617 + . 003; Ng - Np = 0.028. Frequently

found together with epidote, calcite, quartz, amphiboles, and sphene.

Several varieties of chlorites are formed as a result of hydrothermal

activity. The chlorites are one of the latest mineral formations replacing

the amphiboles, serpentines and others. They are encountered in finely

squamate aggregates, radiate fibrous growths, spherolites, dense flaky masses,

etc. The composition and optical properties of chlorites are subject to

marked variations. The color changes from white to dark green, almost black.

The indexes of refraction change from Nm = 1.58 to Nm = 1.63. Double refrac-

tion amounts to 0.007 - 0.010.

The least ferruginous variety, apparently, is the white or light yellow

chlorite which replaces serpentine and forms powdery or cotton-like tangled

fibrous aggregates. From the optical properties and roentgenogram (Table 19,

sample i) it corresponds to the intermediate variety in the series of pennine

elinoehlores (similar to leiehtenbergite): Ng = 1.582 + .002; Np = 1.575 + .002;
m

Ng - Np = 0.007. Direct extinction in the mineral with negative elongation.

Magnesial-ferruginous chlorite, dark green in color is found in sphero-

litic aggregates with quartz within the confines of the previously mentioned

hydrothermally processed horizon of quarts sandstones. Indexes of refraction
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are: Ng = 1.629 + .003; Np = 1.624 + .003; Ng - Np = 0.005 - 0.007. The

interplanar distances of this chlorite are given in Table 19, sample 2.

Some varieties of chlorite with indexes of refraction on Nm from 1.610 to

1.590 were encountered in skarns, veins, pocketed veinlet formations in

associations with actinolite, quartz, calcite, and epidote. Chlorite in

fibrous aggregates often forms impregnations, recesses mud veinlets in horn-

fels with quartz, sphene, epidote, and prehnite. Chlorite develops inten-

sively in pyroxenes of erupted rocks (ferrogabbro, dolerite-pegmatites), as

well as in the previously formed amphiboles.

Serpentine usually forms margins 5-10 cm thick (sometimes up to 2.5 m.)

in contacts with traps. Sc_etimes it forms metasomatic veins together with

diopside or without it. It is rather widely distributed in magnesioferrite

ores and is formed during the replacement of forsterite.

Table 19

Results of the Roentgenostructural Analysis of Chlorites I)

Sample i

n

1o 7.55
8 4,74
9 3.64
2 2,86
9 2.56
8 2.46
5 2,27
4 2,09
7 2,01
2 1.883
2 i ,828
4 1.562
9 l ._
5 ].394
5 1,318
4 1,285

Sam _le 2

dot

10
10m_.

6
10
5
3
7
6
l
1
t
8
3
1
lp
!

13,84
7,03
4.6S
3,54
'2,83
2.65
2,52
2.40
2.23
1,F6
1 ,t,63
1,5"_3
1.517
1,47:2
1.413
1,32(1:

%
Exposure conditions: Fe - auticathode; D = 57.3 mm; A= 1.9320 kX;

I = ii mA; U = 37 kV. Radiation filtered. Corrections made using combined

graph of KCI and chlorite. Exposure time 15 hours. Intensity according to

ten-point scale.

l)Analysis made in the roentgenostructural laboratory of IG and G SO AN SSSR.
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Serpentine is fibrous-laminated or fibrous in structure and is greenish-

yellow or dark green in color. It always associates with calcite. An

incomplete chemical analysis of the monomineral fraction of serpentine showed

the presence of A1203-- 2.5% and Fe203 (gross) up to 7.5% (percentile

weight IJ . The indexes of refraction of the mineral are as follows: Ng =

1.565 + 0.002; Np : 1.561 + 0.002; Ng - Np = 0.00_. This mineral may be

referred to the ferruginous-almminiferous serpophites _24, _7__. Analysis

of serpentines associating in magnesio-ferrite ores in the contact of the

Anakit massif was given in a paper by N. V. Pavlov _8__. Conversion of the

analysis into a crysta!lo-chemical formula gave the following results:

(Si3.aAIo.47).,.Ga [(Alo.,._Tio.oTFeo+,-_+)_3sMg&G3]6.o_• (O1-t)7.._ O,,,.:.

Hence, this mineral is classed with the serpentino-chlorites according to the

classification of D. P. Serdyuchenko _7__.

Serpentine is usually replaced by the chlorites.

Zeolltes are the latest mineral formations in the hydrothermal stage.

They are represented mainly by the calcium-sodium varieties: thomsonite and

chabasite. These are distributed mainly in the traps (dolerite-pegmatites)

subjected to hydrothermal changes. However, in individual instances they

were found in small druse hollows not far from the contact of the massif with

coarse-crystallic calcite. ThGmsonite forms transparent lamelliform grains

up to 1 mm in length with the following indexes of refraction: Ng = 1.522 +
w

.003; Np = 1.510 + .003; Ng - Np = 0.020. Optically positive; 2V = 53° .

Visual plane axis perpendicular to elongation. Chabasite forms white, cubic

shaped crystals. Their dimension does not exceed 2 m_. The indexes of

refraction are: Ng = 1.490 _+ .003; Nm = 1.487 +_ .003; Ng - Nm = .003 - .004.

i) Analysis made in the chemical-analytical laboratory of IG and G SO AN SSSR.
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Minerals of the Hypergene sta_e are extremely limited in distribution.

They are represented by chalcocite, covellite, and bornite which replace

chalcopyrite as veinlets. Likewise associating with them are malachite and

azurite which form thin sinter incrustations and earthy aggregates along

cracks in the limestones. In the magnesioferrite ores and in hornfels rocks

one finds earthy accumulations of limonite. Limonite also replaces pyrite

and pyrrhotite, forming pseudomorphs in these minerals.

V. CONDITIONS FOR THE FORMATION OF EXOCONTACT ZONE ROCKS

IN THE ANAKIT MASSIF

The complex of contact metamorphogenic minerals formed near the incur-

rent canal of the Anakit trappean intrusion is typical and a very character-

istic example of high temperature mineral associations of larnite-merwinite-

spurrite subfacies of the sanidinite facies of metamorphism. The minerals

in this subfacies sloe up at very high temperatures (maximum for contact

metamorphism) and low pressures (ordinarily minimal).

Tridymite, as we know, can form outside the limits of its stability field

in the recrystallization of glass, but in contact-metamorphic processes the

formation of this mineral occurs within the region of its stability, i.e., at

temperatures in excess of 870° which gives, thus, a lower limit of tempera-

ture of metamorphism for atmospheric conditions. This limit should be in-

creased to 950°C (Fig.21) for pressures of the order of 350 atmospheres

(according to 0strovskiy, Mishina, and Povilaytis _7_ which corresponds

approximately to a depth of about 1300 meters (established by the addition

of the thicknesses of Paleozoic deposits and stratified intrusive bodies of

older traps -- the Noginskiy intrusive complex -- of the area under study).

Consequently, the lower limit of temperature of the contact metamorphism in

the vicinity of the incurrent canal of the Anakit massif, determined by the

equiponderant tridymite -- quartz curve, corresponds to 940-950 ° C.
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"Fig. 21. PT projection of the

silica-water system _7_7-

Le6end: a) Tridymite-crystobalite;

b) Tridymite-quartz;

c) crystobalite- quartz.

Fig. _2. Curves of monovariant equipon-

derance of spurrite and tilley-

ite: equiponderant curve

by Harker (1959) ; -.-.-.- ditto

according to Harker and Tuttle
(1957).
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Through the experimental work done by Tutt!e and Harker in 1957, it was

established that the reaction in the formation of spurrite

3CaCO_ q- 2CaSi03 Z Ca_SL_,Oa (CO,) -,'- 2C0._,

for a pressure of 350 atm may be carried out at temperature of not less than

lOO0-1020°C (Fig. 22) ___. Sometime later, R. I. Harker expressed doubt in

the accuracy of the limits of the spurrite (and tilleyite) fields of stability

in the 2_0-350 atm region, and he lowered for these pressures the lower tem-

perature limit for the synthesis of spurrite ___. According to Harker, for

a CO2 pressure of 350 arm spurrite should appear at temperatures not under

970-980°C (cf. Fig. 22). Taking into account both figures, because in a

final solution of the problem it is essential to set up additional experiments,

we can state with conviction that the lower limit for the formation of spur-

rite at a pressure of 350 atm is in the interval of 970-1G20°C.
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The investigation of R. I. Hawker conducted in 1959 showed that tilley-

ite is formed at somewhat lower temperatures than spurrite (cf. Fig.22). At

pressures of 350 arm the field of stability lies in the temperature interval

from 930 to lOeO°C ___. Inasmuch as tilleyite is formed in the contacts of

the Anakit massif from the spurrite in conformance with the reaction:

Ca_Si,Os. (CO_) -_ CO_-'._(,a_Si207(CO_)z_ it can appear only if the temperature

drops below the lower limits of the stability field of spurrite, i .e., 970-

I020°C (at a pressure of 350 arm). Consequently, the maximum temperature of

contact metamorphosis scmewhat exceeded these figures because in the exocon-

tact massif not only tilleyite, but also spurrite were formed.

On the basis of these data, it can be concluded that the lower limit of

temperature of metsmlorphism in the exocontacts of the Anakit trappean massif

in the vicinity of the incurrent canal is approximately at lOOO°C. The upper

limit of the temperature of contact metamorphism in the immediate vicinity

of the massif is determlmed by the temperature of the trappean magma (el.

below).

Characterized by somewhat lower temperatures are the lower limits of

stability of monticellite and melilite. According to Turtle and Harker, at

a pressure of 350 arm, monticellite is formed in accordance with the reaction:

T _ , • e " •2CaCO_ + l_g2Si04 -F CaMgSl.,Oe _ 3Ca/%'_gS104 + 2C0_, at temperatures not below

800-820°C _. Akermanite, according to these authors appeast as a result

of the interaction of calcite and diopside:

_oo 6)0 7o2 80o 9o_ /o0o
------ T'C

Fig. 23 - ____g2__d:a) P, bars.

CaCO_ -_ CaMgSt._,O,_Z'.Ca,MgSi_O, + CO., [TSl.

.............. _o_< 9_

6oo 7oo _oo _o
T'C

Fig. 24 - Legen_____d:a) P, arm.
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At a pressure of 350 atm, the latter reaction takes place at tempera-

tures of not less than 850°C (Fig. 24). However, these figures cannot

describe the maximum temperature of metamorphism because monticellite and

tilleyite are stable in a broad temperature interval and could form at tem-

peratures above their own lower limits of stability, i.e., at lOO0°C. Their

appearauce in the contact marbles is due to the composition of the original

sedimentary rocks and by no means can be regarded as a consequence of lower

temperatures of contact metamorphism. In progressive metamorphism monti-

cellite and melilite (akermanite) should appear sooner than spurrite and

other high temperature minerals like merwinite, for example, which generally

agrees with the results of observations: monticellite and melilite are some-

what eroded by later minerals (spurrite, merwinite, and others); this is not

always observed, however.

Frum the associations of forsterite and wollastonite in the exocontact

zone of the massif located 500-700 meters from the incurrent canal we can

determine the temperature of metamorphism which exists in this portion of

the contact at the moment of formation of forsterite calciphyres and hornfels

rocks. The temperature of formation of wollastonite at a pressure of 350 atm

is approximately equal to 480-500 ° (lower temperature limit) (according to

Danielson _5__). The lower temperature limit of the formation of monticel-

lite due to the interaction of forsterite and diopside, as we have already

indicated, is 800-820°C at this same pressure. However, since montlcellite

is not formed and forsterlte is quite stable in associations with diopside

(forsterite is formed at pressures of 350 atm at temperatures not under 400°i,

we can conclude that the temperature of the exocontact interaction in this

section did not exceed 800%. The lower limit of temperature of metamorphism

is determined from wollastonite: 480-500°C. Thus, at a distance of 500-700

meters from the incurrent canal the temperature in the contacts of the Anakit
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trappean massif drops from I000 to 5OO-800°C (we have direct contacts in

mind).

It is interesting to note that the temperature in the contact of the

massif near the incurrent canal is only slightly lower than the temperature

of the trappean magma. The latter is determined by the temperature of

formation of Very extensively distributed eutectic intergrowths of meneclinal

pyroxene and plagioclase. The temperature of the "dry" diopside-plagioclase

eutecti containing 58% anorthlte _lagioclase of such composition is usually

found in micropegmatite intergrowths with pyroxene) is determined from the

triple diagram of diopside-albite-anorthite _5__ to be 1215°C. Introducing

a correction for the pressure of water vapor at 350 atm, taking into account

the data of Joder _9_, we reduce the temperature to I160-I170°C. Then,

taking into account the content in pyroxene of 25-27% hedenbergite molecules

2000

f_JO-

/

I_ 5oo goO 10_ 8"OO
PC

Legen d: a) P, bars.

Fig. 25

and using the data of Fogt and Sobolev _9_ regarding the linear relationship

netween the fusion temperature of pyroxene and the amount of iron in it, we

again lower the eutectic temperature by 70°. In summary, the eutectic tem-

perature of crystallization is ii00 °. The crystallization temperature of

earlier differentiates was somewhat above this figure, while the temperature
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• of crystallization of the later differentiates was lower. But as a whole,

the temperature of the trappean magma near the incurrent canal was in the

region of I050-I150°C, and this determines the upper temperature limit of

contact metamorphism. Intruding as layers inside the Paleozoic stratum,

south of the incurrent canal, the magma quickly loses its heat, giving it

off to the enclosing rocks. In consequence of the intensive loss of heat

occuring during the process of movement (pressing out) of the magma in sur-

face conditions, the metamorphic action on the exocontact rocks weakens,

and this is expressed in the appearance at 700 meters from the incurrent

canal of mineral complexes of a lower temperature facies of metamorphism;

due to the profound cooling of the trappean magma in the process of intru-

sion there are two facies of contact metamorphism in the exocontact zones

of the Anakit massif: the sanidinite and pyroxene-hornfels. These facies,

which appear as a result of the same original rocks, reflect the temperature

drop along the strike of the contact of the trappean massif. It is testi-

mony, mainly, of the decreased amount of heat in it rather than a lowering

of the magma temperature, even though the magma temperature is also lowered•

The more important mineral paragenetic associations of pyroxene-hornfels

facies are the following. Associations with excess Si02 are not character-

istic for this facies or the sanidinite facies. Quartz, if present, is

usually a relict mineral and is not in equilibrium with other mineral

phases, with rare exceptions. Associations with an insufficiency of SiO 2

are represented by the following derivatives: I) dolomitic marls, and 2)

calcareous and dolomitic aleurolites and sandstones. Metamorphic rocks

formed from dolomitic marls are characterized by more important associations

as: a) calcite-forsterite-diopside-phlogopyte, and b) calcite-wollastonite-

diopside. Metamorphic rocks formed from calcareous and dolomitic aleurolytes

and sandstones are characterized by the following associations: a) diopside-
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plagioclase-glossular, and b) calcite-diopside-plagioclase.

The more important mineral paragenetic associations of the sanidinite

f_cies are the following. In the case of hornfels rocks formed from calcar-

eous and dolomitic aleurolites and sandstones: a) wollastonite-plagioclase-

pyroxene (diopside-hedenbergite) - calcite; b) wollastonite-hedenbergite-

pyrrhotite; c) diopside-phlogopyte-lusite-plagioclase-quartz - (sanidite-

phlogopyte). For marbles of a larnite-merwinite-spurrite subfacies formed

from calcareous marls with a certain admixture of free silica and dolomite:

spurrite-merwinite-tilleyite-melilite (helenite-akermanite) - calcite-

pyrrhotite. The following association is characteristic of this subfacies:

wollastonite-tridymite; it is formed in the metamorphism of silicilate

concretions.

Metamorphic rocks formed from dolomitic marls and siliceous dolomites

under conditions of a larnite-merwinite-spurrite subfacies are characterized

by an association of monticellite-molilite (akermanite) - merwinite-calcite.

All these associations with the exception of the wollastonite-tridymite

association are formed when there is an insufficiency of SiO2.

The main parageneses of high temperature hornfels rocks of a sanidinite

facies are described in Fig. 26 as two tetrahedrals at the apex of which are

the following components: CaO - (Mg, Fe) 0 - Si02 - AI203 and MgO - K20

(+Na20) - SiO 2 - AI203. In the first figure there are described mainly the

paragenetic relationships with wollastonite, pyroxene, plagioclase, and

others, while in the second we have associations with alkali-bearing

minerals (containing potassium mainly). The bonding nodes between these

two artificially segretated groups of parageneses are andalusite and the SiO2

peak of the tetrahedron.

Critical minerals for hornfels rocks of sanidinite facies are tridymite

and sanidine containing a certain amount of sodium. The temperature of
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formation of sanidinite was, in any event, over 700°C 55, 5_ -I) A char-

acteristic peculiarity of the facies is paragenesis of hedembergite-iron-

bearing wollastonite, which was first described by Professor Tilley in

contaminated dolerite from Scot Hill, Ireland _8__. In hornfels from

(_,re)O

fJ

Az2O_ A_20_ And Q.Tp 2

Fig. 26. Parageneses of hornfels of sanidinite facies for exocontacts of

the Anakit massif.

contacts of the Auakit massif wollastonite, associating with hedenbergite,

contains small amounts of ferrosilite (8-9_ judging from the index of

refraction), but in this case the thing that is important is the fact of

such a paragenesis testifying to its high temperature character.

Extremely interesting is the problem of andalusite which is, as we all

know, a relatively low temperature mineral, especially in conditions of

lower pressures (up to 1500 arm), and it is encountered mainly when there is

a pyroxene-hornfels facies. In the Anakit contacts it is encountered in the

hornfels of sanidinite facies of metamorphism, i.e., in rocks which formed

at somewhat higher temperatures. Ordinarily, in a sanidinite facies mullite

is formed instead of andalusite, but the former was not detected in exocontact

rocks, despite the meticulous search made. Incidentally, this discovery of

l) In the Anakit contacts, sanidine undoubtedly was formed at higher temperatures.



andalusite in contacts with traps is not the only one; Lebedev found this

mineral in the basin of the Podkamennaya Tunguska River in associations

with minerals of sandstone tuffs _g. However, the conditions which existed

at the time of formation of these andalusite-containing hornfels might have

been not so high in temperature as in our case.

T_

I
_000'

.so_.

_! UI.#CTH

( _[-IClT?eM

!0 20

Fig. 27. PT-diagram of equilibrium in the AI20 - SiO h system _/'l'5_7'-

Legend: a) mullite and quartz; b) sillimanite; c) disthene; d) andalusite;

e) P, kilobars.

Taking into account the data on the stability of andalusite 55, 51_7,

we can assume thatthis mineral is not stable in a sanidinite facies, patti-

cularly because thus far there is not enough data which might point to the

contrary, l)

Probably, in the Anakit exocontacts andalusite is preserved as a relict

mineral phase which points to lower temperatures of progressive metamorphism

i) Indisputable evidence about the stability of andalusite in a sanidinite

facies of metamorphism is the detection of interstratification of andalusite

horizons with spurrite marbles or the direct paragenetic association of

andalusite with tridymite.
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in the earlier stages of conversion of sedimentary rocks (condition of

pyroxene-hornfels facies) because not all the quartz is converted into

tridymite. However, in this case, if andalusite is stable under conditions

of contact zones in the Anakit massif, then its stability should probably

be extended to i000 ° at pressures of 350 atm. In this case, the PT diagram

of equilibrium for the A_O - SiO 4 system (Fig. 27), developed by Sobolov,

the area of stability of mullite will s_proach the axis of temperature in

the interval 700-1000°C.

The most important paragenetic associations of marble in sanidinite

facies are shown in Figs. 28 & 29, in the lower left angles of triangles for

the paragenesis composition CaD - SiO2 - A1203 and CaD - SiO2 - MgO. Shown

in these triangles are certain associations of pyroxene hornfels facies.

Fig. 28 Fig. 29

Similar composite diagrams of paragenesis-composition were made in

1937-1940 by Korzhinskiy _I, 22_7; they were based partially on data

obtained from dry fusions _lavok__ by Rankin and Wright _2__ and others.

Certain differences observed of concrete parageneses of Anakit contacts to

the diagrams made by Korzhinskiy are expressed in the presence of C02, at



least in associations described in the diagrams. The result of this is the

appearance of parageneses with calcite instead of parageneses with corundum

and calcium al_minate and periclase (_2__, cf. Figs. 13 and lh).

The difference consists also in the presence of spurrite (and the

absence of larnite) and in replacing the sillimanite node with andalusite in

the CaO-Si02-AI203 triangle, and in replacing the associations of grossular-

quartz with a paragenesis of wollastonite-plagioclase, which is quite common

in hornfels rocks of exocontact zones.

The composition-paragenesis diagrams of Ca0 - AI203 - Si02 and

Ca0 - MgO - SiO 2 were used by Korzhinskiy for the "theoretical determination

of sequence in the decomposition of individual calcic cc_pounds and minerals

in the gradual increase of CO2 pressure _2, page 41_7. Moreover, the C02

pressure is regarded mainly as a function of the depth (overall hydrostatic

pressure and load pressure) under relatively constant temperature conditions.

According to Korzhinskiy, carbcmization of associations in the Ca0-AI203-Si02

and CaO - Mg0 - SiO 2 systems with increased depth (with an increased CO2

pressure) should proceed in the direction of decreasing calcite content _2,

page 41_7. Apparently a similar effect should occur in these systems of

composition and paragenesis not with an increase in the pressure (at constant

temperature), but as a consequence of a decrease in the temperature (at

relatively constant pressure). We reach this conclusion not only on the

basis of analysis of natural parageneses, but also in considering curves of

a monovariant equilibrium for decarbonization reactions _, 70, 3_ with a

positive slope that inclines toward the lower pressures.

In decarbonization, reactions CO2 can without difficulty be removed

fr_n the system, i.e., its mass is variable, but the chemical potential CO2

is determined strictly for each of the selected values of P and t° (given

fixed pressures the temperature will be determined and the reaction will
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become stable) _6, page 1007. It means that at constant P the chemical

potential _C02 is determined entirely by a change in the temperature.

Since _02 and t° are related inversely, the chemical potential CO2 will

generally increase with a decrease in temperature at a constant P (if the

CO2 concentration will not drop with unusual speed in the process). The

pressure and chsmical potential are generally tied in by a direct relation-

ship (at relatively constant t_mperature). _ne sequence of reactions of

carbonization will be determined by an increase (or decrease in the case of

decarbonization) in the chemical potential _C02; as a result of this there

will be a decrease in CaD content in the products formed (an increase in the

case of decarbonization). Thus, on the basis of a direct analysis of the

functional relationship of the chemical potential of CO2 to the intensive

factors of equilibrium _3_ one generally can note the change in mineral

parageneses which is established when making observations of natural objects

and in experiments.

To determine the sequence of decomposition of calcite minerals with an

increase in C% pressure, Korzhiniskiy made use of "beams" emanating from

the Ca0 angle of composition-paragenesis diagrams and which are characterized

by a constant relationship of SiO2:A1203 or SiO 2 : MgO correspondingly for

each beam. This method my be applied in our case to establish the sequence

of decomposition (or synthesis) of minerals in temperature drops (or

increases) (at relatively constant pressures).

In Fig. 29 there are two _ays -- L1 and L_ -- drawn from the vertex CaO.

Following the ray from the vertex Ca0 _e first run through the field of the

highest temperature associations of Anakit exocontact spurrite-merwinite-

calcite (original chemical potential of CO2 at the point CaO is high enough

to effect complete carbonization of lime with the formation of calcite).

Approximately at these same temperature conditions of the contacts there is



a merwinite-spurrite-wollastonite association. With the increased chemical

potential of _CO 2 the beam intersects the line corresponding to the para-

genesis of wollastonite-merwinite and hits the wol!astonite-merwinite-diopside

field. The association of wollastonite with diopside subsequently displaces

the paragenesis of wollastonite-merwinite, an action due to the reaction of

merwinite + C_ _ diopside + calcite; the correctness of this was estab-

lished by a number of investigators _2,63_7. The association of diopside-

wol!astonite-quartz is stable within a wide interval of temperatures and is

encountered also in pyroxene-hornfels facies of contact metamorphism.

Further extending beam LI we reach the region of still lower temperature

parageneses where it is impossible to form wollastonite: wollastonite + CO2

calcite + quartz.

In eomsidering beam L2 we will establish that as we draw away from the

CaD vertex the paragenesis of calcite-merwinite-monticellite of the sanidinite

facies of metamorphism is replaced by the paragenesis of montieellite-

diopside-(calcit@), and then instead of the paragenesis of monticellite-

diopside-(calcite), there s_pears the association of diopside-forsterite-

(calcite) in conformance with the reaction of monticellite + CO2

calcite+diopside+forsterite. The paragenesis of forsterite with diopside

are typical of the pyroxene-hornfels facies and it is unstable at high

temperatures.

We will now look at Fig. 28. In the composition-paragenesis triangle,

there is drawn the bemn L from the CaD vertex. Utilizing this beam we shall

see that in moving from angle CaO we again come in contact with the higher

temperature associations of spurrite-melilite-calcite which form under

conditions of larnite-merwinite-spurrite subfacies of the sanidinite facies

of metamorphism. Corresponding to this facies is the association with the

lesser content of CaD: spurrite-melilite-wollastonite, which changes the

preceding paragenesis. As we draw further down along the beam from the Ca0
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vertex we shall see that spurrite is unstable in all associations in conform-

ance with the reaction spurrite + C02 _> wollastonite + calcite. The

wollastonite-melilite-calcite reaction is stable at lower temperatures than

paragenesis with spurrite and it is formed at higher _C0 2. Corresponding

to a still lower temperature is the paragenesis of wollastonite and plagio-

clase with grossular which occurs in rocks with pyroxene-hornfels facies.

Associations of helenite with grossular are not observed in the Anakit

contacts but it is possible. With a further lowering of the temperature,

unstable (its formation with the given _C0 2 is impossible).wollastonite becomes

The foregoing demonstrates that with the successive lowering of tempera-

ture (increasing the _02) there is an increase in the amount of calcite in

the parageneses until it is possible to have a paragenesis of calcite and

quartz, Just as is true at high C02 pressures. The foregoing shows great

similarity to the conclusions of Korzhinskiy made by him on the basis of

studies of parageneses of abyssal facies, i.e., with the successive increase

of _CO 2 with depth ___. The phenomenon of change in the mineral parageneses

in carbonization (or decarbonization) is determined only by the chemical

C02 in which the temperature and pressure changes are reflected.

_0 Coj3LO_Lot' WolL SiO2

Fig. 30. Legend: a) spurrite.
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Shown in Fig. 30 is a diagram of the composition and paragenesis of

the CaO - SiO2 - C% system for high metamorphism temperatures according to

Korzhinskiy. Making use, to establish the order of carbonization of calcium

silicates, of a beam passing through the CO2 vertez -- the beam is character-

ized by the constant ratio of CaD : SiO 2 -- we can note the following change

of three mineral parageneses in the increase of CO2 pressure of lime-Ca3SiO 5-

calcite, calcite-spurrite-Ca3SiO 5, spurrite-wollastonite-calcite, calcite-

wollastonite-quartz, and finally quartz-calcite ___. This diagram in its

overall form can also be used to analyze changes in mineral associations with

temperature in the case of progressive metamorphism because it reflects the

tendency of carbonization in lowering the temperature of exocontacts. How-

ever, it does not fully illustrate the change in the parageneses in a tempera-

ture drop in the case of regressive metamorphism. Sufficiently well described

in Fig. 31 are the associations which appear generally in the regressive

replacement of spurrite-containing marbles. In the lowering of temperature

which accompanies an increase in the chemical potential of CO2 there is a

replacement of the spurrite-wollastonite-calcite paragenesis by an associa-

tion of tilleyite-wollastonite-calcite (tilleyite replaces spurrite in

conformance with the reaction: sp_rrite + CO2 _tilleyite) and further

-- the replacement of the paragenesis with tilleyite by the association with

scawtite (Ca4Si308(C03)2) which, _pparently is in equilibrium, under the

given conditions, with calcite and wollastonite _V8, 80, 897. In associations

with scawtite such high temperature minerals of the larnite-merwinite-spurrite

subfacies like larnite, rankinite (Ca3Si207) and others are presumably unstable,

i.e., it does not belong to the sanidinite facies.

Thus, from the foregoing, it appears that associations of sanidinite

facies are formed at maximum temperatures of metamorphosis and minimal values

of the chemical potential of CO2 for the given conditions, whereas associations

- I01 -



Q

of pyroxeme-hornfels facies _ppear at lower temperatures of contact metamor-

phism and higher values of _CO 2.

L _

Fig. 31. Legend: a) temperature drop.

We shall briefly consider the kinetics of metamorphic reactions leading

to the formation of the above-menti0ned associations. Metamorphogenic

minerals of high temperature parageneses are formed as a result of a series

of consecutive reactions with the presence of clay, free silica, calcite and

dolomite components. The reactions occur mainly in the solid phases, but

possibly with a certain amount in the gaseous reactions. In consequence of

very low pressures "water and other substances with high vapor pressure

which ordinarily are important in crystallization and serve as catalizers of

a reaction, are easily removed fr_ a system and do not perform their

function" _6, page 455_ in the metamorphism of a sanidinite facies. Hence,

the chemical conversion of substances accompanied by the appearance of new

mineral phases occurs as a result of direct reactions of the hard silicates

and carbonate phases, as demonstrated by numerous experiments carried out

during the past three decades _-8, 59_.

The most characteristic peculiarity in the reactions between hard

substances is the clearly manifested scalariform condition, and the appearance
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of numerous intermediate, metastable phases reacting with one another and

the original substances even in the more simple situations. For example, in

heating a mixture of CaCO3 and SiO2 in a l:l ratio, there is first formed a

double calcium silicate which later combines with the metastable phases

Ca3Si207 and Ca3Si05; not until then does CaSiO 3 which appears due to earlier

compounds, begin to form _,59_7. Further, in accordance with studies by

Berezh_y, before monticelllte and merwinite is formed in the system CaO-MgO-

Si02, there is obtained a whole series of intermediate products. Upon

synthesing these minerals, which serve an essential intermediate phase, we

get CaeSiO h. Monticellite, according to Berezhnyy, forms much more quickly

than merwinite. If diopside is used as the original product for the synthesis

of monticellite, then apparently akermanite _,77 is formed as the inter-

mediate phase. In the formation of helenite or anortite from appropriate

components the original products of the reaction are binary compounds whose

action with a third oxide or with one another results in the formation of

terminal products _9_7.

Multiple phases in metamorphic reactions are apparent also in the series

of 13 reactions (stages of progressive metamorphism) of Bowen; he established

these on the basis of analysis of natural parageneses and the order of their

appearance in zonal aureoles of intrusive bodies _3_7-

Another characteristic of the reactions between the hard phases is the

very limited mobility of substances taking part in the metamorphism, and

this explains the extraordinarily changeability of the composition of rocks

being formed; these fully inherit the chemical composition and peculiarities

of distribution of components in the original non-metamorphosed rocks. The

speed and completeness of reactions between solid substances is determined:

i) by the speed of the diffusion of particles; 2) the speed of processes on

the boundaries of phases which leads to the destmAction of the crystallic
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lattices of the original substances _9__.

Along with this, in the formation of metamorphic products gaseous

reactions also play an important part (with C02), especially in some

instances. It is difficult to estimate how great is the role of the gaseous

reactions in each case, but there is no question that in the formation of

carbonate-containing silicates of calcium (spurrite, tilleyite), as well as

in the recrystallization or formation due to the exchange reaction of

calcite (in the absence of water) C02 can play a role of primary importance.

In the formation of ti!leyite from spurrite there is apparently a reaction

between the solid and gaseous phases with the appearance of a new solid

phase.

We shall consider the metasomatic processes occurring in the contacts

of the Anakit _rappean massif.

The earliest and highest temperature metascmatic mineral is cuspidine;

we place it in this stage on the basis of its close association with garnet

and the subsequent universal formation of minerals of contact metamorphism.

The temperature for the formation of cuspidine in the Anakit contact was

probably about 500 - 700°C, because it was at these te_eratures that the

mineral was recently synthesized, though at somewhat greater pressures --

1360 atm _3__. If the stability curve of cuspidine is inclined positively

toward lower pressures then at a pressure of 350 arm the temperature of its

synthesis should not exceed 700°C. The temperature existing at the time of

formation of the garnet-pyroxene skarns were below the temperature of forma-

tion of cuspidine, but judging from the close space and time factors of

andradite and cuspidine they should not differ too much.

In the process of metasomatosis there was an addition to the exocontact

from the Anskit massif of such components like fluorine, water, iron, silica,

and clay. Calcium and magnesium were probably borrowed from the intruding
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rocks, as is apparently true of a portion of the Si02, A1203, and others.

In the formation of magnesio-ferrite the solutions removed from the

trappean massif iron only. This is evidenced by the fact that magnetite

with a high content of magnesium cannot become crystallized from basaltic

melts even in the first stages of its crystallization because such a magne-

tite should be in equilibrium with high magnesium content olivine --

practically pure forsterite -- and this is never attained in tr_s. The

highest content magnesium type of olivine which forms from the magma before

the other minerals contains 22% of fayalite molecules _9_. Further, '_n

the initial magma the magnetite molecule is virtually absent and is formed

due to a subsequent oxidizing process" _9_ page 115_7. The crystallizing

basaltic melt evolves toward an increase in the relative content of iron

over magnesium. This peculiarity has been noted by several Soviet and

foreign petrographers; in the Siberian traps it was first found and explained

by Sololev _9_7- Thus, the terminal differentiates of basalts cannot contain

any noticeable amounts of magnesium, a fact which impedes the formation of

magnesial magnetite. Magnetite containing an increased amount of magnesio-

ferrite molecules usually %_pears close to the surface _-h_7 from hydrothermal

solutions separating from trappean intrusians and having a relatively high

concentration of magnesium and iron. It is assumed that the separation of

hydrothermal solutions occurred during the lifting of the basaltic magma

from the depths to the upper portion of the plarform due to the marked drop

in external pressure _-2_7. Without contradicting such a possibility for the

Angaro-lllmsk, llimpeysk and certain other deposits of the Siberian platform,

we will note that the intrusive source is not the only one from which solu-

tions with a high concentration of magnesium are possible. Apparently_ the

magnesio-ferrite ores formed in the exocontacts of the Anakit massif by

displacing forsterite calciphyres, diopside hornfels, etc., under conditions

- 105 -



of oxidation and sufficiently high temperatures _speared during the process

of replacing magnesium from the envelaping rocks. The oxidation conditions

make it favorable to oxidize F_ into Fe203 with the simultaneous replacement

of the deficient amount of iron oxide by magnesium oxide _, 38_7, which is

a part of the lattice of magnetite. The formation of hematite occurs

simultaneously with magnesio-ferrite.

The abundant development of serpentine in magnesio-ferrite ores also

points to the high quantity of magnesium in the replacement rocks. Serpentine

is formed in situ because of forsterite and other magnesium-containing

minerals; in the formation of diopside-serpentine metasomatic veins it

replaces dolomite.

The most interesting products of hydrothermal activity are epidote and

the aqueous silicates of calcium. The presence of epidote testifies to the

relatively great depth of formatic_ of the Anakit massif compared with the

traps Of the surrounding region _. However, such abyssophobic minerals

like spurrite, cuspidine, hellebrandite, gyrolite and others undoubtedly

point to the fact that the formation of metamorphic rocks in the exocontacts

of the Anakit massif has occurred at a shallow depth. _parently, the

contact zones of this mass, if are one of several instances where it was

possible from the standpoint of pressure for a complex of rocks to form of

the sanidinite facies of metamorphism and epidote. This circumstance is

supported by the previously cited computations to the effect that the forma-

tion of rocks in the exocontact massif occurred at depths of 1200-1300 meters

and not in the immediate vicinity of the earth's surface. Apparently these

contact rocks are the representatives of those rare cases where the high

temperature metamorphism led to the appearance of mineral associations of

the sanidinite facies under conditions of relatively great depth (for this

facies).
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C 0N CLUS I ON

Rocks of the exocontact zones of the Anakit-differentiated trs_pean

massif are characterized by their variety of minerals formed over a wide

interval of temperatures due to the processes of metamorphism, metascmatosis

and post-metascBatic hydrothermal activity (temperature in the contacts of

the massif changed frca I000 to i00-200°C, i.e., to temperatures at which

hillebrandite and hyrolite were formed accordlng to Toropova, Nikogosyan,

Mched_v-Petrosyan, and others _3,57_96 and other. In the contacts there

appears a whole series of interesting mineral associations, but the most

important from the theoretical point of view is the complex of calcium

minerals of the larnite-merwinite-spurrite subfacies of metamorphism. In

connection with this it is interesting to consider the question under what

conditions on the Siberian platform in the contact limestones with traps can

this subfacies s_spear. The first condition is the ccmposition of the envel-

oping rocks; this should generally correspond to marl which apparently con-

tains a certain amount of free silica (limestone rocks low in silica some-

times contain an admixture of dolomite) I) . A second necessary condition is

a high temperature in the exocontacts -- a condition produced by the proxim-

ity of the incurrent channel of the trappean body. Meeting the first condi-

tion in the Siberian platform, apparently, are the lithological peculiarities

of the Kochtm_eks formation of the Lower Silurian because in the metamorphism

of the rocks it was this formation that produced the spurrite marbles in the

contacts of the Anakit massif and, probably the mineral associations of the

larnite-merwinite-spurrite subfacies found in the Podkamennaya Tunguska

I) The admixture of dolomite is necessary in the formation of magnesium

containing high temperature metamorphogenic minerals such as merwinite,

akermanite, and others.
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River basin L_97. The high temperature of the exo'contacts cs/Inot be region-

ally distributed at shallow depths, hence the mineral complexes of the sani-

dinite facies should appear only in the vicinity of the incurrent channels

of tra_pean bodies where there is a maximum heating of the enveloping rocks

at the moment of intrusion. Thus, the most probable region for the distri-

bution of marbles of the larnite-merwinite-spurrite subfacies includes the

western edge of the Tungusska syncline (regions of the lower flow of the

Podkamennaya Tun_uska, Bakhta, Lower Tunguska Rivers) where the Kochumdeks

deposits are widely developed. Not excluded, however, is the possibility of

finding similar metamorphic rocks in other parts of the surrounding region

of the Tungusska syncline in a similar geological situation.

Of course, rocks of the larnite-merwinite-spurrite subfacies can appear

in the metamorphism of non-carbonaceous rocks also_ such as the clay shales.

In that case, in order that they may properly be classed as the sanidinite

facies they should contain parageneses with tridymite, mullite, etc. The

possibility of finding such high temperature hornfels in the vicinity of the

incurrent channels of trappean bodies, apparently is quite good, and the

Anakit region, in this sense, is no exception because the sedimentary non-

carbonaceous rocks in the Siberian platform are very widely developed.

The author wishes to express his deep gratitude to Academician V. S.

Sobolev for his guidance in this work.
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V. V. Reverdatto

ME_%MORPHISM IN THE CONTACTS OF ANAKIT TRAPPEAN MASSIF

IN THE LOW TUNGUSKA RIVER

Three stages of mineral-formation are found: metamorphic, metasomatic

and postscarn, hydrothermal stages. At the first stage the forming of two

contact-metamorphic facies takes place: sanidinite and pyroxene-hornfels

ones. The deposition of facies in the aureole of the Anakit trappean massif

is different and is conditioned by temperature and reserves quantity of heat

of magmatic melt, which in its turn depends on the distance from incurrent

canal, through which magma entered the chamber, occupied now by the intrusive.

The sanidinite facies is represented by larnite-mervinite-spurrite sub-facies.

At the further stage the formatio_ of cuspidine, pyroxene - garnet seams

and iron ore formation s_spears. At the third stage the different hydro-

thermal minerals, nmmely, gillebrandite and others are formed. The conclu-

sion is made about dependence of car onatization (decarbonatizatioa)

reactions on the temperature at the constant pressure.
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